Novel Chemistries and Materials for Grid-Scale Energy Storage: Quinones and Halogen Catalysis by Huskinson, Brian Thomas
 
Novel Chemistries and Materials for Grid-Scale Energy Storage:
Quinones and Halogen Catalysis
 
 
(Article begins on next page)
The Harvard community has made this article openly available.
Please share how this access benefits you. Your story matters.
Citation No citation.
Accessed February 19, 2015 2:12:09 PM EST
Citable Link http://nrs.harvard.edu/urn-3:HUL.InstRepos:11744432
Terms of Use This article was downloaded from Harvard University's DASH
repository, and is made available under the terms and conditions
applicable to Other Posted Material, as set forth at
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-
use#LAA/PWFM$IFNJTUSJFTBOE.BUFSJBMTGPS(SJE4DBMF&OFSHZ
4UPSBHF 2VJOPOFTBOE)BMPHFO$BUBMZTJT
ĵĸĽňňĹŇŉĵŉĽŃłńŇĹňĹłŉĹĸ
Ķŏ
#ŇĽĵł5ļŃŁĵň)ŊňĿĽłňŃł
ŉŃ
5ļĹ4ķļŃŃŀŃĺ&łĻĽłĹĹŇĽłĻĵłĸ"ńńŀĽĹĸ4ķĽĹłķĹň
ĽłńĵŇŉĽĵŀĺŊŀĺĽŀŀŁĹłŉŃĺŉļĹŇĹŅŊĽŇĹŁĹłŉň
ĺŃŇŉļĹĸĹĻŇĹĹŃĺ
%ŃķŉŃŇŃĺ1ļĽŀŃňŃńļŏ
ĽłŉļĹňŊĶľĹķŉŃĺ
"ńńŀĽĹĸ1ļŏňĽķň
)ĵŇŋĵŇĸ6łĽŋĹŇňĽŉŏ
$ĵŁĶŇĽĸĻĹ.ĵňňĵķļŊňĹŔň
+ĵłŊĵŇŏ¥ m#ŇĽĵł5ļŃŁĵň)ŊňĿĽłňŃł
"ŀŀŇĽĻļŉňŇĹňĹŇŋĹĸĉFTJTBEWJTPS .JDIBFM+"[J[ #SJBOĉPNBT)VTLJOTPO
/PWFM$IFNJTUSJFTBOE.BUFSJBMTGPS(SJE4DBMF&OFSHZ4UPSBHF 2VJOPOFT
BOE)BMPHFO$BUBMZTJT
"ĶňŉŇĵķŉ
*OUIJTXPSL*EFTDSJCFWBSJPVTBQQSPBDIFTUPFMFDUSPDIFNJDBMFOFSHZTUPSBHFBUUIFHSJETDBMF
$IBQUFSQSPWJEFTBOJOUSPEVDUJPOUPFOFSHZTUPSBHFBOEBOPWFSWJFXPGUIFIJTUPSZBOE
EFWFMPQNFOUPGĚPXCBĨFSJFT $IBQUFSEFTDSJCFTXPSLPOUIFIZESPHFODIMPSJOFSFHFOFSBUJWF
GVFMDFMMEFUBJMJOHJUTEFWFMPQNFOUBOEUIFSFDPSECSFBLJOHQFSGPSNBODFPGUIFEFWJDF $IBQUFS
EJWFTJOUPDBUBMZTUNBUFSJBMTGPSTVDIBGVFMDFMMGPDVTJOHPOSVUIFOJVNPYJEFCBTFEBMMPZTUPCF
VTFEBTDIMPSJOFSFEPYDBUBMZTUT $IBQUFSJOUSPEVDFTBOEEFUBJMTUIFEFWFMPQNFOUPGB
QFSGPSNBODFNPEFMGPSBIZESPHFOCSPNJOFDFMM $IBQUFSEFMWFTJOUPUIFNPSFSFDFOUXPSL*
IBWFEPOFTXJUDIJOHUPBQQMJDBUJPOTPGRVJOPOFDIFNJTUSJFTJOĚPXCBĨFSJFT *UGPDVTFTPOUIF
QBJSJOHPGPOFQBSUJDVMBSRVJOPOF	BOUISBRVJOPOFEJTVMGPOJDBDJE
XJUICSPNJOFBOE
IJHIMJHIUTUIFQSPNJTJOHQFSGPSNBODFDIBSBDUFSJTUJDTPGBEFWJDFCBTFEPOUIJTUZQFPGDIFNJTUSZ
JJJ5ŃŁŏńĵŇĹłŉňĺŃŇŉļĹĽŇķŃłŉĽłŊĹĸŀŃŋĹĵłĸňŊńńŃŇŉ
JW$POUFOUT
"ķĿłŃŌŀĹĸĻŁĹłŉň WJJ
-ĽňŉĽłĻŃĺĺĽĻŊŇĹň Y
-ĽňŉĽłĻŃĺŉĵĶŀĹň YJJJ
-ĽňŉĽłĻŃĺĵķŇŃłŏŁň YJW
 *łŉŇŃĸŊķŉĽŃł 
 5ļĹ)ŏĸŇŃĻĹł$ļŀŃŇĽłĹ'ŊĹŀ$Ĺŀŀ &ŎńĹŇĽŁĹłŉĵŀ"ĸŋĵłķĹň 
 &YQFSJNFOUBM.FUIPET                                
&MFDUSPEFTZOUIFTJT                             
'VFMDFMMDPOTUSVDUJPOBOEUFTUCFODIDIBSBDUFSJTUJDT            
'VFMDFMMNFBTVSFNFOUT                           
.FBTVSFTPGFđDJFODZ                            
 3FTVMUTBOE%JTDVTTJPO                                
&MFDUSPEFDIBSBDUFSJ[BUJPO                          
'PVSUIHFOFSBUJPODFMMQFSGPSNBODF                     
'PVSUIHFOFSBUJPODFMMFđDJFODZDIBSBDUFSJTUJDT               
$PNQBSJTPOTPGGPVSUIHFOFSBUJPOQFSGPSNBODFUPBO)$M NPEFM    
'JěIHFOFSBUJPODFMMQFSGPSNBODF                      
 $PODMVTJPOT                                      
 3ŊŉļĹłĽŊŁ#ĵňĹĸ0ŎĽĸĹ"ŀŀŃŏňĵň$ļŀŃŇĽłĹ3ĹĸŃŎ$ĵŉĵŀŏňŉň 
 &YQFSJNFOUBM.FUIPET                                
&MFDUSPEFTZOUIFTJT                             
&MFDUSPEFDIBSBDUFSJ[BUJPO                          
 3FTVMUTBOE%JTDVTTJPO                                
W $PODMVTJPOT                                      
 .ŃĸĹŀĽłĻŉļĹ)ŏĸŇŃĻĹł#ŇŃŁĽłĹ3ĹĻĹłĹŇĵŉĽŋĹ'ŊĹŀ$Ĺŀŀ 
 ĉF.PEFM                                      
ĉFFRVJMJCSJVNQPUFOUJBM&FR  
ĉFNFNCSBOFSFTJTUBODFPWFSQPUFOUJBMӁ3  
ĉFIZESPHFOFMFDUSPEFPWFSQPUFOUJBMӁ)  
ĉFCSPNJOFFMFDUSPEFPWFSQPUFOUJBMӁ#S  
 3FTVMUTBOE%JTDVTTJPO                                
$PNQBSJOHUIFNPEFMUPSFDFOUFYQFSJNFOUBMSFTVMUT            
 $PODMVTJPOT                                      
 -JTUPG4ZNCPMT                                    
 0ŇĻĵłĽķ$ļĹŁĽňŉŇĽĹňĽł'ŀŃŌ#ĵŔĹŇĽĹňĵłĸŉļĹ2ŊĽłŃłĹ#ŇŃŁĽĸĹ'ŀŃŌ#ĵŉ
ŉĹŇŏ 
 &YQFSJNFOUBM.FUIPET                                
)BMGDFMMNFBTVSFNFOUT                           
)ZESPHFORVJOPOFDFMMNFBTVSFNFOUT                   
2#'#NFBTVSFNFOUT                            
$PTUBOEFđDJFODZDBMDVMBUJPOT                       
 )BMG$FMM.FBTVSFNFOUT                               
 )ZESPHFO2VJOPOF$FMM3FTVMUT                           
 2#'#3FTVMUT                                     
 $PODMVTJPOT                                      
 $ŃłķŀŊňĽŃłňĵłĸ'ŊŉŊŇĹ%ĽŇĹķŉĽŃłň 
"ńńĹłĸĽķĹň 
" .ĵŉŀĵĶ$ŃĸĹĺŃŇ$ļĵńŉĹŇ 
# .ĵŉŀĵĶ$ŃĸĹĺŃŇ$ļĵńŉĹŇ 
3ĹĺĹŇĹłķĹň 
WJ"DLOPXMFEHNFOUT
*ŃŌĹĵĸĹĶŉŃĺĻŇĵŉĽŉŊĸĹUPTPNBOZEJĎFSFOUQFPQMFXIPXFSFUIFSFGPSNFJOPOFXBZPS
BOPUIFSEVSJOHNZUJNFBU)BSWBSE .JDIBFM"[J[NZBEWJTPSJTEFTFSWJOHPGėSTUSFDPHOJUJPO *
XJMMOFWFSGPSHFUIPXTVQQPSUJWF.JLFXBTCPUIQSPGFTTJPOBMMZBOEQFSTPOBMMZ .JLFEJTQMBZTB
EFFQBOEHFOVJOFJOUFSFTUJOIJTTUVEFOUTUIBUJTJNQPTTJCMFOPUUPSFDPHOJ[F )FBMTPIPMETCPUI
IJNTFMGBOEIJTTUVEFOUTUPBWFSZIJHITUBOEBSEBOEGPSUIBU*BNHSBUFGVM *BNXJUIPVURVFTUJPO
BCFĨFSTDJFOUJTUCFDBVTFPGUIFDPVOUMFTTIPVSTIFIBTJOWFTUFEJONF
*EBMTPMJLFUPUIBOLUIFSFTUPGNZUIFTJTDPNNJĨFF 3PZ(PSEPO'SBOT4QBFQFOBOE4ISJSBN
3BNBOBUIBO *UPPLDMBTTFTGSPNUIFMBĨFSUXP	"1XJUI1SPG 4QBFQFOBOE"1XJUI
1SPG 3BNBOBUIBO
BOE*MFBSOFEBMPUJOCPUI "1UVSOFEPVUUPCFUIFNPTUEJđDVMUDPVSTF
*UPPLJOHSBEVBUFTDIPPMCVUBMTPPOFPGUIFNPTUSFXBSEJOH 1SPG (PSEPOBMTPEFTFSWFTTQFDJBM
NFOUJPOBTIFIBTCFFOBXPOEFSGVMNFOUPSPWFSUIFQBTUZFBSBOEBIBMGPSTPXIFOUIFRVJOPOF
XPSLSFBMMZCFHBOUPCMPTTPN
WJJ3FHBSEJOHSFTFBSDI*PXFUIBOLTUPBOVNCFSPGDPMMBCPSBUPSTTUBSUJOHXJUI1SPGT 3PZ
(PSEPOBOE"MÃO"TQVSV(V[JLXIPXFSFCPUIBDUJWFPOUIF%FQU PG&OFSHZ"31"&HSBOU
UIBUGVOEFEUIFRVJOPOFSFMBUFEXPSLEJTDVTTFEIFSF *EBMTPMJLFUPBDLOPXMFEHFUIFJSHSPVQ
NFNCFSTXIPXFSFBDUJWFPOUIFQSPKFDU 4ÛMFZNBO&S	XIPBMTPDPOUSJCVUFEUPUIFDIMPSJOF
SFEPYDBUBMZTUXPSL
$IBOHXPO4VI-BVSFO)BSUMF$PPQFS(BMWJO3BDIFM#VSUPO#JMFO
"LÛ[ÛNBOE9VEPOH$IFO *EBMTPMJLFUPUIBOLTPNFPGPVSDPMMBCPSBUPSTBU4VTUBJOBCMF
*OOPWBUJPOTJODMVEJOH5SFOU.PMUFS+PTI1SFTUPOBOE1IJMMJQ#BLFS
8JUIJOUIF"[J[HSPVQ*EėSTUMJLFUPBDLOPXMFEHFUIPTFXIPN*DPMMBCPSBUFEXJUIEJSFDUMZ
CFHJOOJOHXJUI+BTPO3VHPMP )FTFSWFEBTBNFOUPSUPNFFBSMZJONZ1I%BOE*FOKPZPVS
GSJFOETIJQUPUIJTEBZ *EBMTPMJLFUPUIBOL%S .JDIBFM.BSTIBLBQPTUEPDJOUIFHSPVQXIPTF
LOPXMFEHFPGDIFNJTUSZHSFBUMZTQFEVQPVSXPSLPORVJOPOFT .JDIBFM(FSIBSEUBHSBEVBUF
TUVEFOUJOUIFHSPVQXBTBEFEJDBUFEDPOUSJCVUPSUPUIFRVJOPOFXPSLBTXFMM "TGPSUIFSFTUPG
UIF"[J[HSPVQUIBOLTUP%BO3FDIU$IBSCFM.BEJ+PZ1FSLJOTPO"VTUJO"LFZBOE%BWJE
1BTUPS ĉFJEFBTBOEIFMQGVMIBOETDPOUSJCVUFECZFBDIPGZPVBSFHSFBUMZBQQSFDJBUFE
5PGSJFOETBOEGBNJMZ *DBOOPUFYQSFTTFOPVHIHSBUJUVEFGPSUIFTVQQPSUZPVIBWFHJWFONF
*NGPSUVOBUFUPIBWFMJWFEBWFSZCMFTTFEMJGFUIVTGBSBOEJOOPTNBMMQBSUEVFUPFBDIPGZPV
'JSTUBUIBOLTUPNZQBSFOUTUPXIPN*EFEJDBUFEUIJTUIFTJTBOEXIPIBWFCFFOUSVMZXPOEFSGVM
UPNF :PVSUJSFMFTTTVQQPSUBOEFODPVSBHFNFOUFBDIPGZPVJOZPVSPXOXBZTJTJOTQJSJOH 5P
&NJMZ.BĨIFXBOE.FHBO ZPVBSFUIFCFTUCSPUIFSTBOETJTUFSTBOZPOFDPVMEIPQFGPS 5PNZ
HSBOEQBSFOUTBVOUTVODMFTBOEDPVTJOT ZPVSTVQQPSUBOEMPWFIBTCFFOSFNBSLBCMF 5PNZ
GSJFOETGSPN)BSWBSE UIFTFXFSFBHSFBUGFXZFBSTJOOPTNBMMQBSUUPZPV "MFYZPVWFCFFOB
XPOEFSGVMHJSMGSJFOEUPNFBOEZPVSFOUIVTJBTNBMXBZTCSJHIUFOTNZEBZ ,JBOZPVBSFUIFNBO
0OFPGUIFUIJOHT*WFMFBTUMPPLFEGPSXBSEUPBCPVUėOJTIJOHHSBEVBUFTDIPPMJTLOPXJOHUIBUXF
WJJJXPOUCFIBOHJOHPVUPOBSFHVMBSCBTJTBěFSXBSET *EBMTPMJLFUPNFOUJPO3PHFS%JFCPMEXIP
TBUBUUIFEFTLOFYUUPNFGPSNVDIPGNZ1I%BOEXIP*IBENPSFUIBOBGFXGVOOJHIUTPVU
XJUI 4BNFHPFTGPS#JMMBOE"NBOEB#POJėDJP #JMMBOE*HPUJOUIFIBCJUPGTIBSJOHBiTQJSJUFEu
XFFLMZDPOWFSTBUJPOEVSJOHUIFGPPUCBMMTFBTPOUIBUHFOFSBMMZFOEFEXJUI#JMMMBNFOUJOHXIBUB
QPPSBUIMFUF&MJ.BOOJOHJT *EBMTPMJLFUPNFOUJPO.BĨBOE,BUF1IBSSXIPCFUXFFOIPTUJOHB
DSBXėTICPJM4VQFS#PXMBOE.BSDI.BEOFTTQBSUJFTBOE.BĨBOE*QMBDJOHBGFXNJTHVJEFE
XBHFSTTFSWFEUPNBLFUIFTFGPVSBOEBIBMGZFBSTUIBUNVDINPSFFOKPZBCMF 5PNZGSJFOETGSPN
'MPXFS.PVOE XFBMXBZTIBWFBHPPEUJNFBOE*BMXBZTMPPLGPSXBSEUPTFFJOHZPV .BZCF*MM
CFCBDLJO5FYBTXIFOUIJTUIJOHJTUVSOFEJO 5PNZGSJFOETGSPN:BMF UIPTFUSVMZXFSFUIF
TIPSUFTUHMBEEFTUZFBSTBOE*DIFSJTIFBDIPGPVSGSJFOETIJQT *EBMTPMJLFUPBDLOPXMFEHFB
OVNCFSPGQFPQMFPO)BSWBSETUBĎJODMVEJOH#BSCBSB4FXBMM4UBO$PUSFBV	PGUIFNBDIJOF
TIPQ
BOE'SBOL.PMFB	SFTUJOQFBDF

'PSUISFFZFBSTPGHSBEVBUFTDIPPM*XBTGVOEFECZB(SBEVBUF3FTFBSDI'FMMPXTIJQBXBSEFECZ
UIF/BUJPOBM4DJFODF'PVOEBUJPO 0UIFSQSPKFDUGVOEJOHDBNFGSPNUIF%FQU PG&OFSHZ"31"&
QSPHSBN *BMTPSFMJFEPOSFTPVSDFTQSPWJEFECZUIF)BSWBSE$FOUFSGPS/BOPTDBMF4ZTUFNT
JY-JTUJOHPGėHVSFT
 (SPXUIJOXJOEBOETPMBSFMFDUSJDJUZQSPEVDUJPO                   
 4DIFNBUJDTPGBSFHFOFSBUJWFIZESPHFODIMPSJOFGVFMDFMM               
 *NBHFPGUIFGVFMDFMMBOEDFMMJOUFSOBMTTDIFNBUJD                  
 *NBHFPGUIF4VTUBJOBCMF*OOPWBUJPOTUFTUCFODI                   
 4&.NJDSPHSBQITPGBSVUIFOJVNDPCBMUPYJEFBMMPZFMFDUSPEFBTEFQPTJUFE     
 1PUFOUJBMWT DVSSFOUEFOTJUZBOEQPXFSEFOTJUZWT DVSSFOUEFOTJUZGPSUIFGPVSUI
HFOFSBUJPOIZESPHFODIMPSJOFDFMM                          
 $FMM QPUFOUJBM WT DVSSFOU EFOTJUZ GPS B DFMM XJUI OP DBUBMZTU NBUFSJBM PO UIF $M
FMFDUSPEFWT BDFMMXJUIDBUBMZTU                            
 $FMMQPUFOUJBMWT DVSSFOUEFOTJUZBTBGVODUJPOPG$M QSFTTVSF            
 $FMM QPUFOUJBM WT DVSSFOU EFOTJUZ TIPXJOH UIF FĎFDUT PG BDJE NPMBSJUZ PO QFSGPS
NBODF                                         
 &ĎFDUPG)TJEFIVNJEJėDBUJPOPODFMMQFSGPSNBODF                
 0OFXBZ HBMWBOJD FđDJFODZ WT QPXFS EFOTJUZ GPS ėWF EJĎFSFOU $M QSFTTVSFT JO
UIFGPVSUIHFOFSBUJPODFMM                               
 $PNQBSJTPOPGNPEFMUPFYQFSJNFOU                         
 1PUFOUJBM WT DVSSFOU EFOTJUZ BOE QPXFS EFOTJUZ WT DVSSFOU EFOTJUZ GPS UIF ėěI
HFOFSBUJPOIZESPHFODIMPSJOFDFMM                          
 $FMMQPUFOUJBMWT DVSSFOUEFOTJUZBTBGVODUJPOPG$MQSFTTVSFGPSUIFėěIHFOFSBUJPO
DFMM                                          
 0OFXBZ HBMWBOJD FđDJFODZ WT QPXFS EFOTJUZ GPS GPVS EJĎFSFOU $M QSFTTVSFT JO
UIFėěIHFOFSBUJPODFMM                                
 *NBHFPGCPUIBO3V0DPBUFEBOEVODPBUFEOJPCJVNUBCFMFDUSPEF         
 .JDSPHSBQITPGBOBTEFQPTJUFE3V0 FMFDUSPEFUBC                 
 .JDSPHSBQITPGBOBTEFQPTJUFE	3V$P
0 FMFDUSPEFUBC          
 $VSSFOUEFOTJUZWT QPUFOUJBMGPSBWBSJFUZPGNFUBMPYJEFBMMPZTBMMBUB3VNFUBM
SBUJP                                          
Y $VSSFOUEFOTJUZWT QPUFOUJBMGPSBTFSJFTPG3V$PPYJEFBMMPZDBUBMZTUT       
 9SBZEJĎSBDUJPOSFTVMUTGPSUIF3V$PPYJEFBMMPZT                  
 $VSSFOUEFOTJUZWT QPUFOUJBMGPSBTFSJFTPG3V/JPYJEFBMMPZDBUBMZTUT        
 $ZDMJOHEBUBGPSB3V$PPYJEFBMMPZFMFDUSPEF                 
 4DIFNBUJDPGBSFHFOFSBUJWFIZESPHFOCSPNJOFGVFMDFMM               
 &RVJMJCSJVNQPUFOUJBMWT )#SNPMBSJUZBU ◦$ ◦$BOE ◦$ 
 .FNCSBOFDPOEVDUJWJUZWT BDJENPMBSJUZBUTFWFSBMEJĎFSFOUUFNQFSBUVSFT     
 7PMUBHFWT DVSSFOUEFOTJUZBOEQPXFSEFOTJUZWT DVSSFOUEFOTJUZGPSUIF	B
#BTF
$BTFBOE	C
.PSF0QUJNBM$BTFCPUIBU ◦$BOE.)#S#S  
 7PMUBHFWT DVSSFOUEFOTJUZGPSUIF#BTFBOE.PSF0QUJNBM$BTFTJODMVEJOHDPO
USJCVUJPOTPGJOEJWJEVBMMPTTUFSNT                          
 7PMUBHFWT DVSSFOUEFOTJUZPWFSBSBOHFPGPQFSBUJOHDPOEJUJPOT           
 1PXFSEFOTJUZWT UFNQFSBUVSFBOEDPODFOUSBUJPO %TVSGBDFT           
 7PMUBHFFđDJFODZWT QPXFSEFOTJUZVOEFSBWBSJFUZPGPQFSBUJOHDPOEJUJPOT     
 %FQFOEFODF PG NBYJNVN QPXFS QFSGPSNBODF PO EFWJBUJPO GSPN UIF #BTF $BTF
FOHJOFFSJOHQBSBNFUFST                                
 %FQFOEFODFPGFđDJFODZQFSGPSNBODFPOEFWJBUJPOGSPNUIF#BTF$BTFFO
HJOFFSJOHQBSBNFUFST                                 
 $PNQBSJTPO PG NPEFM ėUT UP EBUB GSPN ,SFVU[FS FU BM DPMMFDUFE BU  ◦$  ◦$
BOE ◦$ 
 $IFNJDBMTUSVDUVSFTPGCFO[PRVJOPOF OBQIUIPRVJOPOF BOEBOUISBRVJOPOFBOE
UIFSFEPYSFBDUJPOPG"2%4                             
 $ZDMJDWPMUBNNPHSBNPG"2%4POHMBTTZDBSCPO                  
 1PVSCBJYEJBHSBN	&ƽ WT Q)
GPS"2%4                       
 3%&EBUBGPS"2%4BOEUIFBDDPNQBOZJOH-FWJDIQMPU               
 ,PVUFDLÝ-FWJDIBOE#VUMFS7PMNFSQMPUTGPS"2%4                 
 $IFNJDBMTUSVDUVSFTPGEJIZESPYZCFO[FOFTVMGPOJDBDJEBOEDBUFDIPMEJTVMGPOJD
BDJE                                          
 $FMM QPUFOUJBM WT DVSSFOU EFOTJUZ BOE QPXFS EFOTJUZ WT DVSSFOU EFOTJUZ GPS B
IZESPHFORVJOPOFCBĨFSZ                              
 2VJOZESPOFGPSNBUJPOJOBQBSBCFO[PRVJOPOFIZESPRVJOPOFSFEPYDPVQMF  
 4DIFNBUJDPGUIF2#'#                                
 $FMMQPUFOUJBMWT DVSSFOUEFOTJUZBOEQPUFOUJBMWT TUBUFPGDIBSHFGPSUIF2#'#  
 $FMMQPXFSEFOTJUZWT DVSSFOUEFOTJUZGPSUIF2#'#                 
 $POTUBOUDVSSFOUDZDMJOHEBUBVOEFSUXPEJĎFSFOUTFUTPGDPOEJUJPOT        
 &YUFOEFEDPOTUBOUDVSSFOUDZDMJOHEBUBXJUIBUIJDLFSNFNCSBOFBOEBMPXFS"2%4
FMFDUSPMZUFWPMVNF                                  
YJ $POTUBOUDVSSFOUDZDMJOHEBUBVTJOHBO)#SFMFDUSPMZUFPOCPUITJEFTPGUIFDFMM   
YJJ-JTUJOHPGUBCMFT
 1BSBNFUFST VTFE JO UIF i#BTF DBTFu UIF i.PSF 0QUJNBM DBTFu BOE JO ėĨJOH UIF
NPEFMUPUIFFYQFSJNFOUBMEBUB                            
 1SJDFTPGNFUBMTPGJOUFSFTU                              
 $BMDVMBUFEFYDIBOHFDVSSFOUEFOTJUJFTGPSWBSJPVTPYJEFBMMPZNBUFSJBMT       
YJJJ-JTUJOHPGBDSPOZNT
"2%4 BOUISBRVJOPOFEJTVMGPOJDBDJE
"2%4) BOUISBIZESPRVJOPOFEJTVMGPOJDBDJE	SFEVDFEGPSNPG"2%4

$"&4 DPNQSFTTFEBJSFOFSHZTUPSBHF
$&3 DIMPSJOFFWPMVUJPOSFBDUJPO
$33 DIMPSJOFSFEVDUJPOSFBDUJPO
%4" EJNFOTJPOBMMZTUBCMFBOPEF
&1 FOHJOFFSJOHQBSBNFUFS
(%& HBTEJĎVTJPOFMFDUSPEF
0&3 PYZHFOFWPMVUJPOSFBDUJPO
01 PQFSBUJOHQBSBNFUFS
033 PYZHFOSFEVDUJPOSFBDUJPO
1&. QSPUPOFYDIBOHFNFNCSBOF
1)&4 QVNQFEIZESPFMFDUSJDTUPSBHF
15'& QPMZUFUSBĚVPSPFUIZMFOF	5FĚPO

2#'# RVJOPOFCSPNJEFĚPXCBĨFSZ
3%& SPUBUJOHEJTLFMFDUSPEF
S)#'$ SFHFOFSBUJWFIZESPHFOCSPNJOFGVFMDFMM
4&. TDBOOJOHFMFDUSPONJDSPTDPQF
4)& TUBOEBSEIZESPHFOFMFDUSPEF
40$ TUBUFPGDIBSHF
93% YSBZEJĎSBDUJPO
YJW1
*OUSPEVDUJPO
5ļĹŌĵŏŌĹńŇŃĸŊķĹĹŀĹķŉŇĽķĽŉŏĽňķļĵłĻĽłĻ (SPXUIJOUIFVTFPGJOUFSNJĨFOUSFOFXBCMF
TPVSDFTMJLFXJOEBOETPMBSJTJNQSFTTJWF	TFF'JHVSF
CVUJUQMBDFTOFXBOEJOUFSFTUJOH
QSFTTVSFTPOUIFHSJE *OQBSUJDVMBSXFBSFMBSHFMZBDDVTUPNFEUPIBWJOHGPSFTFFBCMFQPXFSPVUQVU
GSPNHFOFSBUPSTXIJMFIBWJOHVODFSUBJOEFNBOEGSPNFOEVTFST 8JOEBOETPMBSJOUSPEVDFNPSF
2000 2002 2004 2006 2008 2010 2012 2014
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
 
E
l
e
c
t
r
i
c
 
P
o
w
e
r
 
S
e
c
t
o
r
 
C
o
n
s
u
m
p
t
i
o
n
 
o
f
 
W
i
n
d
 
E
n
e
r
g
y
 
(
q
B
T
U
)
 
Year
projected
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
 
E
l
e
c
t
r
i
c
 
P
o
w
e
r
 
S
e
c
t
o
r
 
C
o
n
s
u
m
p
t
i
o
n
 
o
f
 
S
o
l
a
r
 
E
n
e
r
g
y
 
(
q
B
T
U
)
wind
solar
'JHVSF (SPXUIJOXJOEBOETPMBSFMFDUSJDJUZQSPEVDUJPO<> /PUFUIFMBSHFEJĎFSFODFJOUIFTDBMFPG
UIFZBYFT
VODFSUBJOUZJOUIBUUIFJSQPXFSPVUQVUJTMBSHFMZVOQSFEJDUBCMFMFBEJOHUPUIFQSFTFODFPG
TUPDIBTUJDFMFNFOUTJOCPUIUIFEFNBOEBOETVQQMZQSPėMFT ĉVTBTUIFGSBDUJPOPGUPUBM
HFOFSBUJPOGSPNSFOFXBCMFTHSPXTTPXJMMNBOZPGUIFVODFSUBJOUJFTBTTPDJBUFEXJUINBOBHJOH
UIFHSJE ĉJTJTUIFFTTFODFPGXIZHSJETDBMFFOFSHZTUPSBHFJTJNQPSUBOU FOFSHZTUPSBHFBMMPXT
GPSQSFEJDUBCJMJUZBOESFMJBCJMJUZUIBUPUIFSXJTFXPVMEOPUFYJTU
*OHFOFSBMJUJTOPUFDPOPNJDBMMZWJBCMFUPTUPSFFMFDUSJDJUZPOBMBSHFTDBMFUPEBZ<> "MM
DVSSFOUMZEFWFMPQFETUPSBHFUFDIOPMPHJFTIBWFTFSJPVTESBXCBDLTUIBUQSFWFOUUIFJSXJEFTQSFBE
BEPQUJPO #ZGBSUIFNPTUQSFWBMFOUTUPSBHFPQUJPOJOVTFUPEBZJTQVNQFEIZESPFMFDUSJDTUPSBHF
	1)&4
XIJDIJTCBTFEPOUIFTJNQMFQSJODJQMFPGQVNQJOHXBUFSVQIJMMXJUIFYDFTTFMFDUSJDJUZ
BOEUIFOSVOOJOHUIFXBUFSEPXOIJMMUISPVHIIZESPFMFDUSJDUVSCJOFTUPDPOWFSUUIFTUPSFE
QPUFOUJBMFOFSHZCBDLJOUPFMFDUSJDJUZ $VSSFOUMZJOTUBMMFE1)&4DBQBDJUZFYDFFET(8
XPSMEXJEFSFQSFTFOUJOHPWFSPGBMMTUPSBHF<> 1)&4IPXFWFSIBTNBTTJWFMBOEVTBHF
SFRVJSFNFOUTTFSJPVTFDPMPHJDBMDPOTFRVFODFT	EVFUPUIFGBDUUIBUEBNTBOESFTFSWPJSTBSF
SFRVJSFEPěFOBĎFDUJOHTFOTJUJWFBRVBUJDFDPMPHJFT
BOESFRVJSFTUIFBQQSPQSJBUFUPQPHSBQIZ
	UZQJDBMMZNPVOUBJOPVTSFHJPOT
 ĉFOFYUNPTUQSFWBMFOUTUPSBHFUFDIOPMPHZJTDPNQSFTTFEBJS
FOFSHZTUPSBHF	$"&4
XIJDIJTCBTFEPOUIFQSJODJQMFPGQVNQJOHBJSJOUPQSFTTVSJ[FEDBWFSOT
XJUIBCPVU(8PGJOTUBMMFEDBQBDJUZXPSMEXJEF<> $"&4TQSJNBSZESBXCBDLTBSF
HFPHSBQIJDBMDPOTUSBJOUT	UIFBQQSPQSJBUFDSVTUBMHFPMPHJFTBSFOFFEFEUPGPSNUIFVOEFSHSPVOE
DBWFSOT
BOEQPPSDZDMJOHFđDJFODZ ĉFUIJSENPTUQSFWBMFOUTUPSBHFUFDIOPMPHZJTUIF
TPEJVNTVMGVSCBĨFSZXJUI(8JOTUBMMFEDBQBDJUZ<> ĉJTUZQFPGCBĨFSZTVĎFSTGSPN
FđDJFODZDPODFSOTBOEDPTUDPODFSOT	UIFZPQFSBUFOFBS ◦$ TPUIFZSFRVJSFFYQFOTJWF
JOTVMBUJPOBOEIPVTJOHUIFNBUFSJBMTVTFEBSFBMTPRVJUFIB[BSEPVT
 0UIFSUFDIOPMPHJFTTVDIBT
MFBEBDJECBĨFSJFTOJDLFMDBENJVNCBĨFSJFTĚZXIFFMTMJUIJVNJPOCBĨFSJFTBOESFEPYĚPX
CBĨFSJFTIBWFCFFOJOTUBMMFEJOTFMFDUBQQMJDBUJPOTCVUUIFJSVTBHFJTWFSZMJNJUFE ĉFZBMMBUUIJT
QPJOUTVĎFSGSPNDPTUDPOTUSBJOUT UIFZBSFTJNQMZUPPFYQFOTJWFGPSMBSHFTDBMFJNQMFNFOUBUJPO
4PNFPGUIFTFUFDIOPMPHJFT	-JJPOWBOBEJVNSFEPYĚPXCBĨFSJFT
NBZBMTPTVĎFSGSPNSFTPVSDF
DPOTUSBJOUTJOUIFGVUVSF<>
8IFOUIFTFTUPSBHFDBQBDJUZOVNCFSTBSFDPNQBSFEUPUPUBMJOTUBMMFEFMFDUSJDHFOFSBUJPO
DBQBDJUZJOUIFXPSMEXIJDIXFMMFYDFFET(8<>JUCFDPNFTBQQBSFOUUIBUFMFDUSJDJUZ
TUPSBHFJTTUJMMJOJUTOBTDFOUTUBHFT %FTQJUFUIFTFDVSSFOUMJNJUBUJPOTNBOZEJĎFSFOUQMBZFSTBSF
QVSTVJOHSFTFBSDIBOEEFWFMPQNFOUPGBWBSJFUZPGTUPSBHFUFDIOPMPHJFT ĉFSFBTPOJTTJNQMF
UIFSFJTBMBSHFOVNCFSPGQPUFOUJBMBQQMJDBUJPOTGPSTUPSBHFEFWJDFTBOEUIFNBSLFUGPSTUPSBHFJT
FYQFDUFEUPFYQBOESBQJEMZJOUIFDPNJOHZFBST
ĉFQBSUJDVMBSBQQMJDBUJPOTPGBTUPSBHFEFWJDFEFQFOEPOUIFQBSUJDVMBSQSPQFSUJFTPGFBDI
EFWJDF<> 4PNFEFWJDFTTVDIBTTVQFSDBQBDJUPSTDBOCFVTFEUPTUPSFTNBMMBNPVOUTPGFOFSHZ
CVUEFMJWFSJUFYUSFNFMZRVJDLMZ	JF XJUIWFSZIJHIQPXFST
BMMPXJOHGPSNBOBHFNFOUPOUIF
NJDSPUPNJMMJTFDPOEUJNFTDBMF %FWJDFTMJLFUIFTFDBOCFVTFEGPSGSFRVFODZSFHVMBUJPOGPS
FYBNQMF 0UIFSEFWJDFTMJLFĚPXCBĨFSJFTIBWFSFTQPOTFUJNFTJOUIFTFDPOETUJNFTDBMFBOEBSF
UIFSFGPSFNPSFBQQSPQSJBUFGPSBQQMJDBUJPOTMJLFQFBLTIBWJOHBOEMPBEMFWFMJOH BCTPSCJOHFYDFTT
QSPEVDUJPOXIFOEFNBOEJTXFBLBOESFMFBTJOHUIBUQSPEVDUJPOXIFOEFNBOEJTIJHI
0WFSWJFXTPGUIFTFBQQMJDBUJPOTDBOCFGPVOEFMTFXIFSF<m>
ĉFGPDVTPGUIJTEJTTFSUBUJPOXJMMCFPOĚPXCBĨFSJFTUIBUQMBDFBQSFNJVNPOBQBSUJDVMBSTFU
PGNFUSJDT IJHIQFSGPSNBODF	IJHIDVSSFOUBOEQPXFSEFOTJUJFTXIJDIUSBOTMBUFUPMPXL8−ƾ

MPXFOFSHZDPTUT	MPXL8I−ƾ
BOEIJHIFđDJFODJFT *OEFFEJUIBTCFFOBSHVFEUIBUDBQJUBM
DPTU	CPUIL8−ƾ BOEL8I−ƾ
JTUIFTJOHMFNPTUJNQPSUBOUNFUSJDUPVTFXIFODPOTJEFSJOHB
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DPNNFSDJBMMZWJBCMFĚPXCBĨFSZ $IBQUFSGPDVTFTPOBEFWJDFUIBUQBJSTDIMPSJOFPOUIFQPTJUJWF
FMFDUSPEFXJUIIZESPHFOPOUIFOFHBUJWFFMFDUPEFNBLJOHBDFMMXJUIB7FRVJMJCSJVN
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 XIJDI DPSSFTQPOET
UP B QBSBTJUJD MPTT PG  CFDBVTF FWFSZ NPMF PG FWPMWFE 0 HBT SFMFBTFT GPVS NPMFT PG FMFDUSPOT XIJMF FWFSZ
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'JHVSF $FMMQPUFOUJBMWT DVSSFOUEFOTJUZGPSBDFMMXJUIOPDBUBMZTUNBUFSJBMPOUIF$M FMFDUSPEF
BOEBDFMMXJUIUIFSVUIFOJVNDPCBMUPYJEFBMMPZEFTDSJCFEQSFWJPVTMZ "O&-"5¡(%&XBTVTFEPOUIF
IZESPHFOTJEFJOCPUIFYQFSJNFOUT
ĉFJNQPSUBODFPGUIFDIMPSJOFFMFDUSPDBUBMZTUJTJMMVTUSBUFEJO'JHVSF *OUIFBCTFODFPGUIF
DBUBMZTUNBUFSJBMBMBSHFPWFSQPUFOUJBMJTPCTFSWFEXIJDIJTDIBSBDUFSJ[FECZDPODBWFVQXBSE
DVSWBUVSFJOUIFQPUFOUJBMWT DVSSFOUEFOTJUZEBUBBOEJTBTTPDJBUFEXJUITMVHHJTIDIBSHFUSBOTGFS
LJOFUJDTBUUIFDIMPSJOFFMFDUSPEF *OUIFQSFTFODFPGUIFDBUBMZTUUIJTPWFSQPUFOUJBMJT
JOTJHOJėDBOU ĉFOPO[FSPTMPQFPWFSUIFMPXFSDVSSFOUEFOTJUJFTJOUIFDBUBMZ[FEDVSWFJT
QSJNBSJMZEVFUPPINJDMPTTJOUIF/BėPONFNCSBOFBTXJMMCFTIPXOMBUFS ĉFIZESPHFOTJEF
DBUBMZTUJTVODIBOHFECFUXFFOUIFUXPDFMMT UIFIZESPHFOFMFDUSPEFPWFSQPUFOUJBMJTJOTJHOJėDBOU
$FMMQFSGPSNBODFJOUIFHBMWBOJDEJSFDUJPOXBTDIBSBDUFSJ[FEPWFSBXJEFSBOHFPGPQFSBUJOH
DPOEJUJPOT 3FTVMUTJO'JHVSFTIPXUIFFĎFDUPGDIBOHJOHUIFDFMMQSFTTVSF ĉFEJĎFSFODFJT
WFSZQSPOPVODFE JODSFBTJOHUIFQSFTTVSFGSPNQTJHUPQTJHSFTVMUTJOBNBYJNVNQPXFS
EFOTJUZJODSFBTFGSPN8DN−ƿ UP8DN−ƿ 	BU ◦$
1SFTTVSFIBTBMNPTUOPFĎFDUPO
DFMMQFSGPSNBODFCFMPXDVSSFOUEFOTJUJFTPG"DN−ƿ ĉJTJTEVFUPUIFGBDUUIBUUIFQSJNBSZ
JNQBDUPGJODSFBTJOHDFMMQSFTTVSFJTUPESJWFNPSF$M	H
JOUPTPMVUJPOUIFSFCZJODSFBTJOHJUT
DPODFOUSBUJPOBOEJNQSPWJOHNBTTUSBOTQPSUUPUIFFMFDUSPEFTPMVUJPOJOUFSGBDF<> "UMPX
DVSSFOUEFOTJUJFTIPXFWFSNBTTUSBOTQPSUMPTTFTBSFJOTJHOJėDBOUBOEUIFSFGPSFDIBOHFTJODFMM
QSFTTVSFBSFJODPOTFRVFOUJBM "OPUIFSOPUFXPSUIZGFBUVSFPGUIFQPUFOUJBMWT DVSSFOUEFOTJUZ
QMPUTJO'JHVSFJTUIFBCTFODFPGBTJHOJėDBOUBDUJWBUJPOMPTTBTTPDJBUFEXJUIUIFFMFDUSPEF
DIBSHFUSBOTGFSLJOFUJDTJF UIFDVSSFOUQPUFOUJBMDVSWFTBSFOFBSMZMJOFBSBUMPXPWFSQPUFOUJBMT
4NBMMEJĎFSFODFTJOUIFDFMMFRVJMJCSJVNQPUFOUJBMDBOCFBĨSJCVUFEUPCPUIEJĎFSFODFTJO
UFNQFSBUVSFBOEJOUIFBDUJWJUZPG$M BTBGVODUJPOPGQSFTTVSFJOBDDPSEBODFXJUIUIF/FSOTU
FRVBUJPO ĉFFĎFDUTPGUFNQFSBUVSFBSFNPSFNPEFTUCVUUIJTJTMJLFMZEVFUPUIFMJNJUFESBOHFJO
XIJDIUFNQFSBUVSFDBOCFWBSJFE	/BėPODBOOPUGVODUJPOBTBDPOEVDUPSCFMPX ◦$PSBCPWF
BCPVU ◦$BOEUIFUFTUBQQBSBUVTVTFEJOPVSMBCSFTUSJDUTUIJTSBOHFFWFOGVSUIFS

"OPUIFSJNQPSUBOUDIBSBDUFSJTUJDPGBO)$M DFMMJTUIFQFSGPSNBODFEFQFOEFODFPOBDJE
DPODFOUSBUJPO "DJEDPODFOUSBUJPOBĎFDUTBOVNCFSPGQSPDFTTFTPDDVSSJOHJOUIFDFMM 'JSTUUIF
1&.DPOEVDUJWJUZJTBGVODUJPOPGBDJEDPODFOUSBUJPO ĉJTDPOEVDUJWJUZTIPVMEQFBLBUBCPVU
.)$M<> 0VSSFTVMUT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JOEJDBUFUIBUUIF1&.DPOEVDUJWJUZJOUIJTDFMMJTPOMZBXFBL
GVODUJPOPGBDJEDPODFOUSBUJPO UIJTJTBQQBSFOUCZUIFBQQSPYJNBUFMZFRVBMTMPQFTPGUIFUISFF
MJOFTJO'JHVSF 0OFQPUFOUJBMFYQMBOBUJPOGPSUIJTPCTFSWBUJPOJTUIBUCFDBVTF)$MJTCFJOH
HFOFSBUFEBUUIFFMFDUSPEFNFNCSBOFJOUFSGBDFXIFOUIFDFMMJTPQFSBUFEJOHBMWBOJDNPEFUIF
NFNCSBOFJTFYQPTFEUPBOFĎFDUJWFBDJEDPODFOUSBUJPONVDIIJHIFSUIBOUIFCVMLBDJE
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BOEUIFIZESPHFOFMFDUSPEFXBTIVNJEJėFE
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JOJUJBMFMFDUSPMZUFDPODFOUSBUJPOJTJOEJDBUFEJOUIFėHVSF i)0uSFGFSTUPBOJOJUJBMFMFDUSPMZUFPGQVSF
XBUFS
DPODFOUSBUJPOSFHBSEMFTTPGUIFWBMVFPGUIFCVMLDPODFOUSBUJPO /PUFBMTPUIBUUIFFRVJMJCSJVN
QPUFOUJBMTTFFOJO'JHVSFWBSZXJUIUIFBDJENPMBSJUZBTFYQFDUFEGSPNUIF/FSOTUFRVBUJPO
)ZESPHFOFMFDUSPEFIVNJEJėDBUJPOBQQFBSTUPJNQSPWFDFMMQFSGPSNBODFBTDBOCFTFFOJO
'JHVSF *ODSFBTFTJOUIFNBYJNVNQPXFSEFOTJUZBOEUIFMJNJUJOHDVSSFOUEFOTJUZPGUIFDFMM
XFSFPCTFSWFEPWFSUIFFOUJSFSBOHFPG$M QSFTTVSFTFYQMPSFE ĉJTJTMJLFMZEVFUPNFNCSBOF
EFIZESBUJPOCFDPNJOHNPSFPGBOJTTVFBUIJHIDVSSFOUEFOTJUJFT 4JODFUIFNFNCSBOF
DPOEVDUJWJUZJTBTUSPOHGVODUJPOPGJUTMFWFMPGIZESBUJPOESZJOHPVUUIFNFNCSBOFIBTUIFFĎFDU
PGJODSFBTJOHSFTJTUJWFMPTTFTUISPVHIUIFDFMM #FDBVTFUIFSFBSFUXPQSJNBSZĚVYFTHPWFSOJOHUIF
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'JHVSF &ĎFDUPG)TJEFIVNJEJėDBUJPOPODFMMQFSGPSNBODF %SZBOPEFEBUBBSFTIPXOXJUIIPM
MPXNBSLFSTBOEEBTIFEMJOFTBUFBDIPGUIFQSFTTVSFTTUVEJFE )VNJEJėFEBOPEFEBUBBSFTIPXOXJUI
TPMJENBSLFSTBOETPMJEMJOFT
XBUFSDPOUFOUPGUIFNFNCSBOFmBDVSSFOUJOEFQFOEFOUEJĎVTJWFĚVYGSPNUIF$M TJEF	XIJDIJT
XFUBOEUIFSFGPSFIBTBIJHI)0BDUJWJUZ
UPUIF) TJEFBOEJOHBMWBOJDNPEFB
DVSSFOUEFQFOEFOUFMFDUSPPTNPUJDĚVYGSPNUIF) TJEFUPUIF$M TJEFmBUIJHIDVSSFOU
EFOTJUJFTUIFFMFDUSPPTNPUJDĚVYNBZCFDPNFTVđDJFOUMZMBSHFUPEFIZESBUFUIFNFNCSBOF *O
IVNJEJGZJOHUIF) FMFDUSPEFUIJTQSPCMFNDBOCFBMMFWJBUFECZEFMJWFSJOHNPSFXBUFSUPUIF
NFNCSBOFWJBUIF) HBTTUSFBN ĉJTMJLFMZFYQMBJOTUIFCFOFėUTTFFOGSPN) FMFDUSPEF
IVNJEJėDBUJPOJO'JHVSF
'ŃŊŇŉļĻĹłĹŇĵŉĽŃłķĹŀŀĹĺĺĽķĽĹłķŏķļĵŇĵķŉĹŇĽňŉĽķň
#FDBVTFDIMPSJOF	$M	BR

DSPTTPWFSUISPVHI/BėPOJTLOPXOUPCFNJOJNBM<>BOEXF
SFTUSJDUPVSDFMMQPUFOUJBMUPBSBOHFJOXIJDIPYZHFOFWPMVUJPOJTTMPX<>XFFYQFDUUIF
DPVMPNCJDFđDJFODZPGUIJTDFMMUPCFOFBSBOEUIFSFGPSFUIFFOFSHZDPOWFSTJPOFđDJFODZ
UPCFOFBSMZJOEJTUJOHVJTIBCMFGSPNUIFWPMUBHFFđDJFODZ	TFFUIFEJTDVTTJPOPGNFBTVSFTPG
FđDJFODZJOUIFNFUIPETTFDUJPO
 *O'JHVSFXFTIPXUIFWPMUBHFFđDJFODZBTBGVODUJPOPG
QPXFSEFOTJUZGPSėWFEJĎFSFOU$M QSFTTVSFT ĉJTGPSNBUJTQBSUJDVMBSMZVTFGVMCFDBVTFJU
JMMVTUSBUFTUIFUSBEFPĎBTPOFWBSJFTUIFPQFSBUJOHDPOEJUJPOTCFUXFFOUIFUXPNPTUJNQPSUBOU
ėHVSFTPGNFSJUPGUIFDFMM /PUFUIBUBQPXFSEFOTJUZPGBQQSPYJNBUFMZ8DN−ƿ JTSFBDIFEBU
FđDJFODZGPSBMMQSFTTVSFTFYDFFEJOHBCPVUQTJHmUIFNJOJNVNQSFTTVSFTPUIBU$M	BR

TPMVCJMJUZEPFTOPUDBVTFBTJHOJėDBOUNBTTUSBOTQPSUMJNJUBUJPOGPSUIJTQBSUJDVMBSDFMM 4FDPOEB
QFBLQPXFSEFOTJUZFYDFFEJOH8DN−ƿ XBTBDIJFWFEBUBOFđDJFODZBSPVOEGPSQTJH "
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TFSJFTTPJUEPFTOPUBQQFBSJOUIFėHVSFT "OPUIFSJNQPSUBOUOPUFJTUIBUBUIJHIFđDJFODJFTJF BU
MPXDVSSFOUEFOTJUJFTUIFQPXFSEFOTJUZBUWPMUBHFFđDJFODZJOHBMWBOJDNPEFJTOFBSMZFRVBM
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OBUVSFPGUIFQPXFSEFOTJUZDVSWFOFBSFRVJMJCSJVNTFF'JHVSF
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'JHVSF 0OFXBZHBMWBOJDFđDJFODZWT QPXFSEFOTJUZGPSėWFEJĎFSFOU$M QSFTTVSFTBU ◦$XJUI
) TJEFIVNJEJėDBUJPO ĉFIPSJ[POUBMEPĨFEMJOFJOEJDBUFTFđDJFODZ
MJNJUBUJPOTUPGVSUIFSJNQSPWFNFOUJOUIFQFSGPSNBODFPGBDFMMPGUIJTEFTJHO
ĉFNPEFMBDDPVOUTGPSWPMUBHFMPTTFTEVFUPFMFDUSPDBUBMZUJDBDUJWBUJPOBUCPUIFMFDUSPEFT
PINJDMPTTJOUIF1&.BOE$M	BR
NBTTUSBOTQPSUUISPVHIUIFDIMPSJOFHBTCVCCMFXBMMUPUIF
DIMPSJOFFMFDUSPEF *UQSFEJDUTUIFWPMUBHFWT DVSSFOUEFOTJUZCFIBWJPSBTPOFWBSJFTUIFGPMMPXJOH
&OHJOFFSJOH1BSBNFUFST	&1T
 1&.UIJDLOFTTDFMMQSFTTVSFCVCCMFXBMMUIJDLOFTTBOEFYDIBOHF
DVSSFOUEFOTJUJFTBUCPUIFMFDUSPEFTBOEUIFGPMMPXJOH0QFSBUJOH1BSBNFUFST	01T
 UFNQFSBUVSF
BOEBDJEDPODFOUSBUJPO
8FėUUIFNPEFMUPPVSEBUBVTJOHLOPXOWBMVFTPGBMMPGUIFTFQBSBNFUFSTǨCVUUISFFXIJDI
XFSFUSFBUFEBTBEKVTUBCMFQBSBNFUFST 	
ĉFDIMPSJOFFYDIBOHFDVSSFOUEFOTJUZJ$M
ƽ XBTDIPTFO
UPCFN"DN−ƿ JOPSEFSUPėUUIFEBUB 	
"TFSJFTSFTJTUBODF	EFOPUFE3TUBDL"
ǨǛBCTFOU
GSPNUIFPSJHJOBMNPEFMBDDPVOUJOHGPSPINJDMPTTFTUISPVHIUIFDVSSFOUDPMMFDUPSTFOEQMBUFT
BOEBMMPGUIFFMFDUSJDBMDPOOFDUJPOTUPUIF%$FMFDUSPOJDMPBEBOEPSQPXFSTVQQMZ ĉFCFTUėU
WBMVFXBTPINDNƿ 	
ĉFEJĎVTJPOMBZFSUIJDLOFTT	EFOPUFEҿ
XIJDISFQSFTFOUTUIF
DSJUJDBMNBTTUSBOTQPSUQBSBNFUFSJOUIFNPEFMXBTDIPTFOUPCFӉNJOPSEFSUPCFTUėUUIF
MJNJUJOHDVSSFOUEFOTJUZTFFOJOUIFQTJHDBTFBOEUIFOUIJTTBNFWBMVFXBTVTFEGPSBMMPGUIF
PUIFSQSFTTVSFT ĉJTJTXIZUIFNPEFMBQQFBSTUPNPSFBDDVSBUFMZNBUDIUIFDFMMTNBYJNVN
QPXFSEFOTJUZJOUIFQTJHDBTFUIBOJOUIFQTJHDBTFJO'JHVSF #FDBVTFUIFNPEFM
VUJMJ[FTBTJNQMFGPSNPG)FOSZTMBXUPPCUBJOUIFDPODFOUSBUJPOPG$M	BR
JOTPMVUJPOBTB
GVODUJPOPG$M	H
QSFTTVSFUIFMJNJUJOHDVSSFOUEFOTJUZTIPVMECFEJSFDUMZQSPQPSUJPOBMUPUIF
BCTPMVUFQSFTTVSFPGHBTJOUIFTZTUFN )PXFWFSJO'JHVSFPOFDBOTFFUIBUUIFMJNJUJOHDVSSFOU
EFOTJUZGPSUIFQTJHDBTFJTBQQSPYJNBUFMZ"DN−ƿXIFSFBTUIFMJNJUJOHDVSSFOUEFOTJUZGPS
ǣĉFWBMVFGPSUIFIZESPHFOFMFDUSPEFFYDIBOHFDVSSFOUEFOTJUZJ)
ƽ XBTIFMEBUN"DN−ƿDPOTJTUFOUXJUISFTVMUT
JOXPSLCZ/FZFSMJOFU BM <> 8FDPOUSPMEJSFDUMZUIFPUIFSLOPXOOPOBEKVTUBCMFQBSBNFUFST
ǣǖ'PSEJNFOTJPOBMDPOTJTUFODZUIFWBMVFPGUIJTSFTJTUBODFNVTUCFNVMUJQMJFECZUIFDFMMBSFB
UIFQTJHDBTFJTBCPVU"DN−ƿ ĉFNPEFMQSFEJDUTCBTFEPOUIFBCTPMVUFQSFTTVSFSBUJP
UIBUUIFTFWBMVFTTIPVMETQBOBSBOHFPGBGBDUPSPG	CBTFEPODPOWFSUJOHQTJBOEQTJUP
BCTPMVUFQSFTTVSFTSBUIFSUIBOHBVHFBOEUIFOMPPLJOHBUUIFJSSBUJP
XIFSFBTXFėOEBSBOHFPG
MFTTUIBOBGBDUPSPGUXPFYQFSJNFOUBMMZ $MBSJGZJOHUIFSFBTPOTGPSUIJTCFIBWJPSXJMMSFRVJSF
GVSUIFSSFėOFNFOUPGUIFNPEFMPGNBTTUSBOTQPSUCFIBWJPSPGUIJTLJOEPGTZTUFN /PUFUIBUUIF
NPEFMXBTEFWFMPQFEXJUIBTJNQMJėFENBTTUSBOTQPSUQJDUVSFJONJOETPJUJTVOTVSQSJTJOHUIBU
UIFėUJTMFBTUBDDVSBUFJOUIFSFHJNFXIFSFNBTTUSBOTQPSUMPTTFTEPNJOBUF	JF BUIJHIDVSSFOU
EFOTJUJFT

8FTIPXUIFPWFSBMMėUPGUIFNPEFMUPUIFEBUBJO'JHVSF "MTPTIPXOGPSDPNQBSJTPOBSF
SFTVMUTGSPNUIFi#BTFDBTFuBOEi.PSF0QUJNBMDBTFuNPEFMFECZ3VHPMPFUBM <> ĉFMBĨFSJT
UIFJSQSFEJDUJPOPGUIFQFSGPSNBODFUIBUNBZSFBTPOBCMZCFFYQFDUFEXJUIGVSUIFSSFTFBSDIBOE
EFWFMPQNFOUPOBDFMMPGUIJTEFTJHO 5BCMFEJSFDUMZDPNQBSFTQBSBNFUFSWBMVFTPGUIFi#BTF
DBTFuBOEUIFi.PSF0QUJNBMDBTFuPG3VHPMPFUBMBOEPGUIFNPEFMėUUPPVSFYQFSJNFOUBMEBUB
ĉFWBSJBCMFu-uSFGFSTUPUIF/BėPONFNCSBOFUIJDLOFTTBOEu1HBVHFuSFGFSTUPUIFDIMPSJOFHBT
QSFTTVSF ĉFFYQFSJNFOUBMQFSGPSNBODFJTXFMMCFZPOEUIBUPGUIFi#BTFDBTFuBOECBTFEPO
UIFTFSFTVMUTXFBOUJDJQBUFUIBUGVSUIFS3%DPVMESBJTFUIFQPXFSEFOTJUZBUHBMWBOJD
FđDJFODZCZBGBDUPSPGUISFFUPGPVS
'ĽĺŉļĻĹłĹŇĵŉĽŃłķĹŀŀńĹŇĺŃŇŁĵłķĹ
#VJMEJOHPOUIFTVDDFTTGVMEFWFMPQNFOUPGPVSGPVSUIHFOFSBUJPODFMM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XIFSFJƽ JTUIFFYDIBOHFDVSSFOUEFOTJUZPGUIFXPSLJOHFMFDUSPEF	JON"DN−ƿ
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ZFUUIJTJTUIFNBUFSJBMPGDIPJDF	BMCFJUBUBEJĎFSFOUNPMBSSBUJPBOEVOEFSEJĎFSFOUFMFDUSPMZUF
DPOEJUJPOT
GPSJOEVTUSJBMDIMPSJOFQSPEVDUJPO ĉJTIJHIMJHIUTUIFJNQPSUBOUGBDUUIBUEVSBCJMJUZ
JTPěFOBNPSFJNQPSUBOUDPODFSOUIBODBUBMZUJDBDUJWJUZ
ǖǖĉF OFHBUJWF SFDJQSPDBM PG UIJT TMPQF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 JT UIF DPNNPOMZSFGFSFODFE QBSBNFUFS LOPXO BT UIF DIBSHF USBOTGFS
SFTJTUBODF	3DU
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 -PPLJOHBU'JHVSF
DUIF3V$PBMMPZDMFBSMZBEPQUTBEJĎFSFOUDSZTUBMTUSVDUVSFUIBOUIFPUIFSTFYIJCJUJOH
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 3V$PBOE3V$PXJUIUIFFYQFDUFEMJOFTGPSUIFTQJOFMGPSNPG$P0 POUIFCPĨPN
	C
3V$PBOE3V$PXJUIUIFFYQFDUFEMJOFTGPSUIFTQJOFMGPSNPG$P0 POUIFCPĨPN
	D
 3V$PXIJDIFYIJCJUTBEJĎFSFOUTUSVDUVSFUIBOUIFPUIFSDPNQPTJUJPOTXJUIUIFFYQFDUFEMJOFT
GPSUIFTQJOFMGPSNPG$P0 POUIFCPĨPNBOEUIFFYQFDUFEMJOFTGPSUIFSVUJMFGPSNPG3V0 POUIF
UPQ
ĉFPUIFSPYJEFBMMPZPGQBSUJDVMBSJOUFSFTUXBTSVUIFOJVNOJDLFMTJODFUIJTNBUFSJBMXBT
QSFEJDUFECZUIFPSZǛǛǛUPCFBHPPEDBUBMZTUGPSUIFDIMPSJOFSFEPYSFBDUJPOT 'JHVSFTIPXTB
DPODFOUSBUJPOTFSJFTPG3V/JPYJEFBMMPZT ĉF3V/JBMMPZJTUIFCFTUQFSGPSNFSPWFSBMMCVU
UIFBOEBMMPZTBMTPQFSGPSNSFBTPOBCMZXFMM ĉFSFJTOPEJTDFSOJCMFUSFOEJO
QFSGPSNBODFIFSFFJUIFSCFDBVTFUIFOJDLFMPYJEFTBSFSFMBUJWFMZJOTFOTJUJWFUPSVUIFOJVNDPOUFOU
PSCFDBVTFPGOPJTFJOUSPEVDFEJOUIFSFTVMUTEVFUPXJEFMZWBSZJOHTVSGBDFBSFBT ĉFMBĨFSDPVME
CFEVFUPWBSZJOHESJWJOHGPSDFTGPSDSZTUBMOVDMFBUJPOBOEHSPXUIQIFOPNFOBUIBUBSFWFSZ
TFOTJUJWFUPQSFUSFBUNFOUBOEPYJEFGPSNBUJPODPOEJUJPOT %FTQJUFUIJTJUJTDMFBSUIBU3V/JPYJEF
BMMPZTBSFDBQBCMFPGQFSGPSNJOHSFBTPOBCMZXFMMXIFODPNQBSFEUPQVSF3V0 FMFDUSPEFT
#FTJEFTDBUBMZUJDBDUJWJUZBOPUIFSJNQPSUBOUQSPQFSUZPGUIFTFDBUBMZTUTJTUIFJSEVSBCJMJUZ UIFJS
BCJMJUZUPXJUITUBOEMPXQ)BOECPUIPYJEBUJWFBOESFEVDUJWFQPUFOUJBMT 5PUFTUUIFEVSBCJMJUZPG
UIFPYJEFBMMPZVOEFSPQFSBUJPOBMDPOEJUJPOTBO3V$PFMFDUSPEFXBTDZDMFECFUXFFO±
N7PWFSQPUFOUJBMT	JF UIFQPUFOUJBMXBTIFMEBUBN7PWFSQPUFOUJBMGPSTFDPOETUIFO
TUFQQFEUPN7GPSTFDPOETUIFOTUFQQFECBDLEPXOBOETPPO
 ĉJTFMFDUSPEFXBT
TMJHIUMZEJĎFSFOUUIBOUIFPUIFSTUFTUFEQSFWJPVTMZJOUIBUCFGPSFUIFBMMPZNBUFSJBMXBTEFQPTJUFE
UIFTVCTUSBUFXBTPYJEJ[FEUPGPSNBOBUJWFPYJEFMBZFSPOUIFTVCTUSBUFUPJNQSPWFUIFBEIFTJPOPG
UIFEFQPTJUFEBMMPZǛǨ ĉJTIFMQTUPNJOJNJ[FEFMBNJOBUJPOPGUIFėMNPWFSUJNF 'JHVSFTIPXT
UIFSFTVMUTGSPNDZDMFT ĉJTQMPUJTCFTUVOEFSTUPPECZėSTUMPPLJOHBUUIFJOTFUXIJDI
ǖǖǖĉFPSFUJDBMXPSLXBTEPOFCZ4ÛMFZNBO&SBOEXJMMCFJODMVEFEJOBOVQDPNJOHQVCMJDBUJPO
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XIJDIJTNFUBMMJD<> ĉF
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'JHVSF $ZDMJOHEBUBGPSB3V$PPYJEFBMMPZFMFDUSPEF ĉFQPUFOUJBMXBTDZDMFECFUXFFO±
N7PWFSQPUFOUJBMTUJNFTBOEUIFDVSSFOUSFTQPOTFXBTNFBTVSFE ĉFJOTFUTIPXTB[PPNPG
DZDMFT UIFDVSSFOUBUUIFFOEPGFBDIDZDMFJTNBSLFEXJUIBCMBDLEPU ĉFTFEPUTBSFUIFOQMPĨFEJOUIF
MBSHFSGSBNFGPSUIFFOUJSFUZPGUIFDZDMFT "EBUBQPJOUGSPNFWFSZUIDZDMFJTTIPXO
TIPXTB[PPNPODZDMFTGSPNUIFNJEEMFPGUIFFYQFSJNFOU "UUIFFOEPGFBDIDZDMFUIF
DVSSFOUEFOTJUZJTNBSLFEXJUIBCMBDLEPU ĉFTFEPUTBSFUIFOQMPĨFEJOUIFNBJOGSBNFPGUIF
ėHVSF[PPNJOHPVUUPJODMVEFBMMPGUIFDZDMFT	QPJOUTBSFPOMZTIPXOGPSFWFSZUIDZDMFEVFUP
UIFEFOTJUZPGUIFEBUB
 4PNFNJOPSGBEFJOQFSGPSNBODFJTBQQBSFOU "ěFSUIJTUFTUTNBMMPYJEF
BMMPZQBSUJDMFTDPVMECFTFFOTJĨJOHPOUIFCPĨPNPGUIFUFTUHMBTTXBSFBMNPTUDFSUBJOMZCSPLFO
PĎCZDIMPSJOFCVCCMFGPSNBUJPOJOEJDBUJOHUIBUUIJTQFSGPSNBODFGBEFNBZCFEVFUPQIZTJDBM
MPTTPGDBUBMZTUNBUFSJBMGSPNUIFFMFDUSPEFBTPQQPTFEUPDIFNJDBMEFHSBEBUJPOPSDPSSPTJPO
 $ŃłķŀŊňĽŃłň
*OUIJTDIBQUFSPVSFYQMPSBUJPOPGBWBSJFUZPGPYJEFBMMPZDBUBMZTUNBUFSJBMTXBTEFUBJMFE ĉFTF
NBUFSJBMTXFSFEFQPTJUFEPOUPOJPCJVNTVCTUSBUFTVTJOHBTUBOEBSEXFUDIFNJDBMTZOUIFTJT
UFDIOJRVFGPSNJOHIJHIMZQPMZDSZTUBMMJOFUIJOėMNT ĉSPVHIBWBSJFUZPGIBMGDFMMNFBTVSFNFOUT
SVUIFOJVNDPCBMUPYJEFBMMPZTXFSFEFUFSNJOFEUPCFUIFNPTUDBUBMZUJDBMMZBDUJWFNBUFSJBM
UPXBSETUIF$&3BOE$33.FBTVSFEFYDIBOHFDVSSFOUEFOTJUJFTXFSFN"DN−ƿ GPSUIF
3V$P		3V$P
0
NBUFSJBMBOEN"DN−ƿ GPSUIF3V$P
		3V$P
0
NBUFSJBM *OCPUIPGUIFTFPYJEFBMMPZTUIFZBEPQUUIFOPSNBMTQJOFM
TUSVDUVSFPG$P0BTDPOėSNFECZ93%BOBMZTJT 'PSUIF3V$PNBUFSJBMJUJTDBQBCMFPG
CFJOHDZDMFEBMBSHFOVNCFSPGUJNFTXJUIPOMZBTNBMMBNPVOUPGMPTTJODBUBMZUJDBDUJWJUZ .VDI
PGUIJTMPTTNBZBDUVBMMZCFBĨSJCVUBCMFUPNFDIBOJDBMEFHSBEBUJPOPGUIFFMFDUSPEFBT$M CVCCMF
GPSNBUJPOBQQFBSTUPTMPXMZCSFBLPĎQJFDFTPGUIFDBUBMZTUNBUFSJBM
'VSUIFSTUVEJFTJODMVEJOHUIFEFWFMPQNFOUPGBQSPDFTTGPSEFQPTJUJOHUIJOTNPPUIėMNTPG
UIJTNBUFSJBMXPVMECFOFDFTTBSZUPEFUFSNJOFUIFDPNQMFUFEFHSBEBUJPONFDIBOJTNTGPSUIF
FMFDUSPEFTBOEUPQSPWJEFFYBDUNFBTVSFNFOUTPGUIFFYDIBOHFDVSSFOUEFOTJUJFT 3FHBSEMFTTUIF
HPBMPGUIJTQSPKFDUXBTUPėOETUBCMFBDUJWFJOFYQFOTJWFDBUBMZTUNBUFSJBMTGPSUIF$&3$33BOE
UIFTFSFTVMUTJOEJDBUFUIBUSVUIFOJVNDPCBMUBMMPZTSFQSFTFOUBUMFBTUPOFQSPNJTJOHDMBTTPG
NBUFSJBMTUIBUNFFUTUIJTHPBM
4
.PEFMJOHUIF)ZESPHFO#SPNJOF3FHFOFSBUJWF
'VFM$FMM
0ŊŇŁŃĸĹŀĽłĻĹĺĺŃŇŉňCFHBOXJUIUIFIZESPHFODIMPSJOFGVFMDFMMUIFSFTVMUTPGXIJDIDBOCF
GPVOEJO3FGT <>BOE<> "TPVSFĎPSUTCFHBOUPTIJěUPXBSETBMUFSOBUFDIFNJTUSJFTXF
GPVOEJUJNQPSUBOUUPFYUFOEPVSNPEFMUPBIZESPHFOCSPNJOFTZTUFN ĉJTQBSUJDVMBSTZTUFN
IBTBDPVQMFBEWBOUBHFTPWFSBIZESPHFODIMPSJOFTZUFN 'JSTUCSPNJOFJTBMJRVJEVOEFSTUBOEBSE
DPOEJUJPOTTJNQMJGZJOHTZTUFNPQFSBUJPOBTDPNQBSFEUPBUXPQIBTFHBTMJRVJETZTUFNVTJOH
DIMPSJOF 4FDPOECSPNJOFIBTBDPOTJEFSBCMZIJHIFSTPMVCJMJUZJOJUTDPNQMFNFOUBSZBDJE	)#S

UIBODIMPSJOFEPFTJOJUTBDJE	)$M
 ĉJTMFBETUPNVDIJNQSPWFENBTTUSBOTQPSUDIBSBDUFSJTUJDT
GPSBIZESPHFOCSPNJOFTZTUFN 8JUIUIFTFBEWBOUBHFTJONJOEXFTFUPVUUPBEBQUPVS
IZESPHFODIMPSJOFNPEFMUPBIZESPHFOCSPNJOFTZTUFN ĉFNBKPSJUZPGUIFUFYUCFMPXDBOCF
GPVOEJOPVSQVCMJDBUJPOPOUIJTNPEFMUJUMFEi1FSGPSNBODF.PEFMPGB3FHFOFSBUJWF)ZESPHFO
#SPNJOF'VFM$FMMGPS(SJE4DBMF&OFSHZ4UPSBHFu<>
ĉFSFHFOFSBUJWFIZESPHFOCSPNJOFGVFMDFMM	S)#'$
JTBOFOFSHZTUPSBHFEFWJDFUIBU
GBDJMJUBUFTUIFGPMMPXJOHFMFDUSPDIFNJDBMSFBDUJPO
)ƿ	H
 + #Sƿ	H
   )#S	BR
. 	

'JHVSFTIPXTBTDIFNBUJDPGUIFDFMM *OEJTDIBSHF	HBMWBOJD
NPEF) BOE#S SFBDUUP
QSPEVDFFMFDUSJDJUZBOE)#S	BR
 *ODIBSHF	FMFDUSPMZUJD
NPEFFMFDUSJDJUZJTDPOTVNFEUPTQMJU
)#S	BR
JOUP) BOE#SXIJDIJTUIFOTUPSFEJOUBOLTVOUJMUIFFMFDUSJDJUZJTOFFEFE
&BSMJFSTUVEJFTPOIZESPHFOCSPNJOFFMFDUSPDIFNJDBMEFWJDFTEFNPOTUSBUFEQSPNJTJOH
QFSGPSNBODF *OBTUVEZCZ:FPBOE$IJOGSPNSPVOEUSJQFMFDUSJDUPFMFDUSJDFđDJFODJFT
XFSFSFQPSUFEBUBCPVUGPSDVSSFOUEFOTJUJFTCFUXFFOUPN"DN−ƿEFQFOEJOHPO
UIFFMFDUSPMZUFDPNQPTJUJPOXJUIUIFDFMMDBQBCMFPGPQFSBUJPOUPBUMFBTUN"DN−ƿ <>
4PPOBěFSXPSLPO)#SFMFDUSPMZ[FSTMFEUPEFWJDFTDBQBCMFPGPQFSBUJOHBSPVOEN"DN−ƿ JO
FMFDUSPMZUJDNPEF<> *ONPSFSFDFOUXPSL-JWTIJUTFUBM 	
SFQPSUFEDVSSFOUEFOTJUJFTJO
Br2(aq) in HBr(aq)
H2(g)
Br2 electrode: Br2(aq)        2 Br-(aq)
H2 electrode: H2(g)        2 H+(aq)
PEM H+(aq)
Diffusion of Br2 /Br-
Br2( ) reservoir
Exchange of Br2
'JHVSF 4DIFNBUJDPGBSFHFOFSBUJWFIZESPHFOCSPNJOFGVFMDFMM *ODIBSHFPSFMFDUSPMZUJDNPEF
IZESPCSPNJDBDJEJTFMFDUSPMZ[FEUPQSPEVDFIZESPHFOBOECSPNJOFVTJOHFMFDUSJDBMFOFSHZGSPNBO
FYUFSOBMTPVSDF ĉFQSPEVDUTBSFTUPSFEJOUBOLTGPSGVUVSFSFDPOWFSTJPOUPFMFDUSJDJUZ *OEJTDIBSHFPS
HBMWBOJDNPEFIZESPHFOBOECSPNJOFSFBDUUPQSPEVDFIZESPCSPNJDBDJEBOEFMFDUSJDJUZ
FYDFTTPGN"DN−ƿXJUIUIFDFMMQPXFSEFOTJUZFYDFFEJOHN8DN−ƿ BU ◦$ CZ
VUJMJ[JOHBOPWFMOPOTUBOEBSENFNCSBOF<> ,SFVU[FSFUBM 	
BDIJFWFEQPXFSEFOTJUJFT
FYDFFEJOHN8DN−ƿ OFBSN"DN−ƿ 	BU ◦$
GPSBDFMMVUJMJ[JOHBTUBOEBSE/BėPO
NFNCSBOF<>
.PEFMJOHUIFQFSGPSNBODFPGIZESPHFOCSPNJOFTZTUFNTIBTCFFOEPOFCFGPSF<>XJUI
UIFNPTUEFWFMPQFENPEFMDPNJOHGSPN4BWJOFMMFUBM Ǜ 0VSNPEFMEJĎFSTGSPNQSFWJPVTXPSLJO
UXPLFZXBZT 	
XFJODMVEFUIFFĎFDUTPGUFNQFSBUVSFPOFRVJMJCSJVNQPUFOUJBMTNFNCSBOF
SFTJTUBODFTFMFDUSPEFBDUJWBUJPOLJOFUJDTBOENBTTUSBOTQPSUPGTQFDJFTUPBOEGSPNUIFFMFDUSPEF
TVSGBDFBOE	
XFTZTUFNBUJDBMMZWBSZUIFDFMMPQFSBUJOHQBSBNFUFSTTVDIBTUFNQFSBUVSFBOE
FMFDUSPMZUFDPNQPTJUJPOXIJMFBMTPWBSZJOHDFMMFOHJOFFSJOHQBSBNFUFSTEJTDVTTFECFMPXUP
JEFOUJGZQFSGPSNBODFiTXFFUTQPUTuĉFMBSHFQBSBNFUFSTQBDFXFFYQMPSFJTVOSJWBMFEJOUIF
MJUFSBUVSF *OFYQMPSJOHUIJTMBSHFQBSBNFUFSTQBDFDFSUBJOTJNQMJėDBUJPOTXFSFNBEF	TVDIBT
FĎFDUJWFMZSFEVDJOHUIFNBTTUSBOTQPSUCFIBWJPSUPBTJOHMFFOHJOFFSJOHQBSBNFUFS
UIBUBMMPXVT
UPFYQMPSFBWFSZCSPBESBOHFPGQPTTJCMFDFMMDIBSBDUFSJTUJDTFH FYBNJOJOHBDFMMXJUITFWFSFNBTT
USBOTQPSUMJNJUBUJPOTWT BDFMMXJUINJOJNBMNBTTUSBOTQPSUMJNJUBUJPOT ĉJTXBTEPOFTPUIBUUIJT
NPEFMDPVMECFVTFEBTBHVJEFUPGVUVSF3%FĎPSUTIFMQJOHUPJEFOUJGZBTQFDUTPGUIFDFMM
QFSGPSNBODFUIBUEFNBOEUIFNPTUBĨFOUJPO
 5ļĹ.ŃĸĹŀ
ĉFQVSQPTFPGUIJTNPEFMJTUPEFUFSNJOFUIFDFMMQPUFOUJBM	JOWPMUT
BTBGVODUJPOPGDVSSFOU
EFOTJUZ	JON"DN−ƿ
GPSBHJWFOTFUPGPQFSBUJOHQBSBNFUFST	01T UFNQFSBUVSFBOEFMFDUSPMZUF
DPNQPTJUJPO
BOEFOHJOFFSJOHQBSBNFUFST	&1T FMFDUSPEFFYDIBOHFDVSSFOUEFOTJUJFTNFNCSBOF
ǖ8PSLPOHBTQIBTFTZTUFNTIBTCFFOEPOFBTXFMM<>CVUJTOPUEJTDVTTFEIFSF
UIJDLOFTTEJĎVTJPOMBZFSUIJDLOFTTBOE) HBTQSFTTVSF
 *OUIJTTUVEZXFDPOTJEFSUIF&1TBOE
01TBTXFMMBTUIFEFQFOEFOUQIZTJDBMQSPQFSUJFTUIBUEFUFSNJOFDFMMMPTTFTTVDIBTQSPUPO
FYDIBOHFNFNCSBOF	1&.
DPOEVDUJWJUZFMFDUSPEFLJOFUJDTBOECSPNJOFCSPNJEFNBTT
USBOTQPSUJOTPMVUJPO 0VSPCKFDUJWFTBSFUPQSFEJDUDFMMWPMUBHFFđDJFODZBOEDFMMQPXFSEFOTJUZQ
BTGVODUJPOTPGDVSSFOUEFOTJUZBOEUPEFUFSNJOFIPXUIFTFGVODUJPOTDIBOHFBTXFWBSZCPUIUIF
01TBOEUIF&1T ĉFNPEFMXBTVTFEUPFWBMVBUFDFMMQPUFOUJBMTJOCPUIDIBSHFNPEFBOE
EJTDIBSHFNPEFCVUGPSUIFNBKPSJUZPGSFTVMUTQSFTFOUFEIFSFXFPNJUUIFFMFDUSPMZUJD
DIBSHFNPEFCFIBWJPS 5ZQJDBMMZBDFMMUIBUTIPXTHPPEQFSGPSNBODFJOEJTDIBSHFNPEFBMTP
TIPXTHPPEQFSGPSNBODFJODIBSHFNPEF	QBSUJDVMBSMZXJUIJOUIFDPOėOFEDPODFOUSBUJPOSBOHF
VTFEJOUIJTNPEFM
BMMPXJOHVTUPTJNQMJGZUIFQSFTFOUBUJPOPGUIFNPEFMSFTVMUT 8FQSJNBSJMZ
DPOTJEFSUXPEJĎFSFOUTFUTPG&1T Bi#BTF$BTFuXJUISFMBUJWFMZDPOTFSWBUJWFWBMVFTGPSUIF&1T
XIJDITIPVMECFBĨBJOBCMFUPEBZBOEBi.PSF0QUJNBM$BTFuUIBUVTFTNPSFPQUJNJTUJDWBMVFT
UIBUTIPVMECFBĨBJOBCMFXJUIGVSUIFSSFTFBSDIBOEEFWFMPQNFOU +VTUJėDBUJPOTGPSUIFWBMVFTPG
FBDIPGUIFTFQBSBNFUFSTBSFQSPWJEFEJOUIFSFMFWBOUTVCTFDUJPOTPGUIJTDIBQUFS
ĉFFOFSHZDPOWFSTJPOFđDJFODZPGUIFDFMMJTUIFQSPEVDUPGUIFWPMUBHFFđDJFODZBOEUIF
DPVMPNCJDFđDJFODZBOEUIFSPVOEUSJQFđDJFODZPGUIFEFWJDFJTUIFQSPEVDUPGUIFFOFSHZ
DPOWFSTJPOFđDJFODZJOHBMWBOJDNPEFBOEUIFFOFSHZDPOWFSTJPOFđDJFODZJOFMFDUSPMZUJDNPEF
ĉFQSJNBSZDPVMPNCJDMPTTJTWJBSFBDUBOUDSPTTPWFSUISPVHIUIFNFNCSBOFXIJDIXFEJTDVTT
MBUFS *GUIJTMPTTJTTNBMMFOPVHIUIFOUIFFOFSHZDPOWFSTJPOFđDJFODZJTJOEJTUJOHVJTIBCMFGSPN
UIFWPMUBHFFđDJFODZ ĉFWPMUBHFFđDJFODZPGUIFDFMMJTBGVODUJPOPGUIFDVSSFOUEFOTJUZJXJUI
POFFYQSFTTJPOGPSUIFHBMWBOJDEJSFDUJPOBOEBEJĎFSFOUPOFGPSUIFFMFDUSPMZUJDEJSFDUJPO *OUIF
HBMWBOJDDBTF	XIJDIXFUBLFBTEFėOJOHQPTJUJWFJ
IZESPHFOBOECSPNJOFSFBDUUPQSPEVDF
IZESPCSPNJDBDJEBOEFMFDUSJDJUZ ĉFWPMUBHFFđDJFODZJTUIFFMFDUSJDBMFOFSHZQFSDIBSHF
QSPEVDFE	UIFDFMMQPUFOUJBM&(J)
EJWJEFECZUIFFMFDUSJDBMFOFSHZQFSDIBSHFUIBUDPVMECF
QSPEVDFESFWFSTJCMZ	UIFFRVJMJCSJVNQPUFOUJBM&FR
 *OUIFFMFDUSPMZUJDDBTF	OFHBUJWFJ
FMFDUSJDBM
FOFSHZJTTVQQMJFEUPTQMJU)#S	BR
JOUP) BOE#S GPSFOFSHZTUPSBHF )FSFUIFWPMUBHF
FđDJFODZJTUIFNBYJNVNQPTTJCMFFMFDUSJDBMFOFSHZSFUVSOFEQFSDIBSHFTUPSFE&FREJWJEFECZ
UIFFMFDUSJDBMFOFSHZQFSDIBSHFTQFOUJOEPJOHUIFFMFDUSPMZTJT&(J)
DFMMWPMUBHFFđDJFODZ =
⎧
⎪ ⎨
⎪ ⎩
&(J)
&FR : J ≥ ƽ (HBMWBOJD)
&FR
&(J) : J ≤ ƽ (FMFDUSPMZUJD).
	

ĉFQPXFSEFOTJUZ	JON8DN−ƿ
JTUIFBNPVOUPGQPXFSQSPEVDFEQFSDFMMBSFB *UJTFRVBMUP
UIFDFMMQPUFOUJBMNVMUJQMJFECZUIFDVSSFOUEFOTJUZ
Q = J · &(J). 	

#FDBVTFPGUIFIJHIDPTUPGGVFMDFMMTQFSVOJUDFMMBSFBDFMMTIBWJOHIJHIFđDJFODJFTBUMBSHFQPXFS
EFOTJUJFTBSFEFTJSBCMF
ĉFDFMMQPUFOUJBMEFWJBUFTGSPNJUTFRVJMJCSJVNWBMVFEVFUPTFWFSBMMPTTNFDIBOJTNTBMMPG
XIJDIMFBEUPUIFHFOFSBUJPOPGIFBUJOUIFDFMM 8FJEFOUJGZGPVSPWFSQPUFOUJBMTJOUIFDFMM UIF
IZESPHFOBOECSPNJOFFMFDUSPEFPWFSQPUFOUJBMT	Ӂ) BOEӁ#SUIFMBĨFSBDUVBMMZJODMVEFTUXP
MPTTFT POFEVFUPFMFDUSPEFBDUJWBUJPOBOEPOFEVFUPNBTTUSBOTQPSUMJNJUBUJPOTBUUIFCSPNJOF
FMFDUSPEF
BOEUIFNFNCSBOFSFTJTUBODFPWFSQPUFOUJBM	Ӂ3
 &BDIPWFSQPUFOUJBMJTBGVODUJPOPG
DVSSFOUEFOTJUZBOEEFQFOETPOUIF01TBOEBTVCTFUPGUIF&1T
ĉFPWFSBMMDFMMQPUFOUJBMDBOUIVTCFFYQSFTTFEBTUIFFRVJMJCSJVNDFMMQPUFOUJBMNJOVTUIF
JOEJWJEVBMMPTTFT
&(J)=&FR − Ӂ3(J) − Ӂ)(J) − Ӂ#S(J), 	

XIFSFBMMPGUIFBCPWFRVBOUJUJFTBSFJOWPMUT &FR JTBGVODUJPOPGUFNQFSBUVSFBOEPGUIFBDUJWJUJFT
PGUIFSFBDUBOUTBOEQSPEVDUTXIJDIUIFNTFMWFTEFQFOEPOUFNQFSBUVSFBOEDPODFOUSBUJPO Ӂ3 JT
EFUFSNJOFECZUIFDPOEVDUBODFPGUIFNFNCSBOFXIJDIEFQFOETPOUFNQFSBUVSFBDJE
DPODFOUSBUJPOBOENFNCSBOFUIJDLOFTT ĉFPWFSQPUFOUJBMTBUUIFUXPFMFDUSPEFTBSJTFGSPNUXP
EJĎFSFOUFĎFDUT BOBDUJWBUJPOMPTTEVFUPUIFLJOFUJDTJOWPMWFEXJUIUIFFMFDUSPOUSBOTGFSBUUIF
TVSGBDFBOEBNBTTUSBOTQPSUMPTTEVFUPUIFEFQMFUJPOPGUIFSFBDUBOUTBOEFOSJDINFOUPGUIF
QSPEVDUTOFBSUIFFMFDUSPEFTVSGBDFBUOPO[FSPDVSSFOUEFOTJUJFT 8FJHOPSFUIFNBTTUSBOTQPSU
FĎFDUBUUIFIZESPHFOFMFDUSPEFEVFUPQSFTVNFEGBTUUSBOTQPSUPGHBTFPVTIZESPHFOXIFSFBTXF
JODMVEFUIFCSPNJOFNBTTUSBOTQPSUCFDBVTFPGUIFSFMBUJWFMZTMPXUSBOTQPSUPG#S	BR
JOBRVFPVT
TPMVUJPO ĉJTPWFSQPUFOUJBMJTEFOPUFEӁ.5
5ļĹĹŅŊĽŀĽĶŇĽŊŁńŃŉĹłŉĽĵŀ&FR
ĉFFRVJMJCSJVNQPUFOUJBMJTUIBUPGUIFDPNCJOFEIBMGDFMMSFBDUJPOTXIFSFBMMQPUFOUJBMTBSF
SFMBUJWFUPUIBUPGBTUBOEBSEIZESPHFOFMFDUSPEF	4)&

)ƿ(H)   ƿ)
+(BR)+ƿF
− &FR = ƽ.ƽƽƽ 7 	B

#Sƿ(BR)+ƿF
−   ƿ#S
−(BR) &FR = ƾ.ƽǅǄ 7. 	C

ĉFFRVJMJCSJVNQPUFOUJBMDBOCFEFTDSJCFECZUIF/FSOTUFRVBUJPO
&FR/FSOTU = &
′
ƽ +
3(5 + ƿǄǀ.ƾǂ)
O'
MO
 
B#SƿB)ƿ
Bƿ
)#S	BR

 
, 	

XIFSF3 = ǅ.ǀƾǁ+NPM,−ƾ JTUIFVOJWFSTBMHBTDPOTUBOU5JTUIFUFNQFSBUVSF	JO ◦$
OJTUIF
OVNCFSPGFMFDUSPOTUSBOTGFSSFEJOUIFSFBDUJPO	O = ƿIFSF
BOE' = ǆǃǁǅǂ$NPM−ƾ JT
'BSBEBZTDPOTUBOU ĉFBDUJWJUJFTPG#S)#SBOE) BSFEFOPUFEB#SƿB)#SBOEB)ƿSFTQFDUJWFMZ
ĉFZBSFEFėOFECZUIFGPMMPXJOHFRVBUJPOT
B#Sƿ =
ҽ#SƿD#Sƿ
Dƽ
, 	

BOE
B)#S =
ҽ)#SD)#S
Dƽ
, 	

BOE
B)ƿ =
ҽ)ƿQ)ƿ
Qƽ
, 	

XIFSFD#Sƿ BOED)#S BSFUIFDPODFOUSBUJPOTPG#S BOE)#SSFTQFDUJWFMZ	JONPMBSJUZ.
Dƽ JTUIF
TUBOEBSEDPODFOUSBUJPOPG.Q)ƿ JTUIF) HBTQSFTTVSFQƽ JTUIFTUBOEBSEQSFTTVSFPGBUN
BOEҽ#Sƿҽ)#SBOEҽ)ƿ BSFUIFBDUJWJUZDPFđDJFOUTPG#S)#SBOE)SFTQFDUJWFMZ
&
′
ƽ JTUIFUFNQFSBUVSFEFQFOEFOUFRVJMJCSJVNQPUFOUJBMXIFOBMMBDUJWJUJFTBSFVOJUZ &
′
ƽ NVTUCF
DIPTFOTPUIBU&FR = ƾ.ƽǅǄ7BUUIFTUBOEBSEUFNQFSBUVSFQSFTTVSFBOEDPODFOUSBUJPOPG ◦$
BUNBOE.SFTQFDUJWFMZ "TTVNJOHUIFEJĎFSFODFCFUXFFOSFBDUBOUBOEQSPEVDUFOUSPQJFTJT
JOEFQFOEFOUPGUFNQFSBUVSF&
′
ƽ JTBMJOFBSGVODUJPOPGUFNQFSBUVSFXIPTFTMPQFJTHJWFOCZUIF
FOUSPQZPGGPSNBUJPOEJWJEFECZƿ'<>
&
′
ƽ = ƾ.ƿǃǄǆ − ƽ.ƽƽƽǃƾƽǂ(5 + ƿǄǀ.ƾǂ). 	

ĉJTFRVBUJPODBOUIFOCFTVCTUJUVUFEJOUPUIF/FSOTUFRVBUJPOUPQSPWJEFBGVMMFYQSFTTJPOGPSUIF
DFMMFRVJMJCSJVNQPUFOUJBM
&FR/FSOTU = ƾ.ƿǃǄǆ − ƽ.ƽƽƽǃƾƽǂ(5 + ƿǄǀ.ƾǂ)+
35
ƿ'
MO
 
B#SƿB)ƿ
Bƿ
)#S	BR

 
. 	

0OFNFUIPEPGBQQSPYJNBUJOHUIFFRVJMJCSJVNQPUFOUJBMJOWPMWFTVTJOH&RVBUJPOBOE
TFĨJOHBMMPGUIFBDUJWJUZDPFđDJFOUTFRVBMUPVOJUZ ĉJTQSPDFEVSFQSPWJEFTXIBUXFUFSNUIF
iJEFBMuFRVJMJCSJVNQPUFOUJBM&FRJEFBMXJUIUIFGPMMPXJOHGPSN
&FRJEFBM = ƾ.ƿǄǆǀ − ƽ.ƽƽƽǃƾƽǁ(5 + ƿǄǀ.ƾǂ)+
35
ƿ'
MO
 
[#Sƿ][)ƿ]
[)#S(BR)]ƿ
 
	

XIFSF[#Sƿ]BOE[)#S(BR)]SFQSFTFOUUIFOPSNBMJ[FEDPODFOUSBUJPOTPGCSPNJOFBOEIZESPCSPNJD
BDJE	JF [#Sƿ]=D#Sƿ/Dƽ BOE[)#S]=D)#S/Dƽ
BOE[)ƿ]SFQSFTFOUTUIFOPSNBMJ[FEQSFTTVSFPG
) HBT	JF [)ƿ]=Q)ƿ/Qƽ

"OPUIFSXBZXFDBMDVMBUFUIFFRVJMJCSJVNQPUFOUJBMJTUPVTFBTFNJFNQJSJDBMFYQSFTTJPOGSPN
:FPBOE$IJO<> ĉFFYQSFTTJPOUBLFTUIFGPMMPXJOHGPSN
&FR:FP = ӓ − (5 − ƿǂ)
 
ǁ.ǀ + ƾ.ǅǃ · MO
ƾƿ.ǀǃ9
ƾ − 9
 
· ƾƽ
−ǁ + ǁ.ǀƾ · ƾƽ
−ǂ · 5(MOG)ƿ + MOB#Sƿ)
	

XIFSF9JTUIFXFJHIUGSBDUJPOPG)#SJOTPMVUJPOG)ƿ JTUIFGVHBDJUZPG) HBTBOEӓ UBLFTUIF
GPMMPXJOHGPSN
ӓ =
⎧
⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨
⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩
ƾ.ƽǄǀ − ƽ.ƽǂǃǄ · MOƾƿ.ǀǃ9
ƾ−9 , JGƽ.ƽƾǃ < 9 < ƽ.ƾƾ
ƾ.ƽǆǂ − ƽ.ƾƽǁƿ · MOƾƿ.ǀǃ9
ƾ−9 , JGƽ.ƾƾ < 9 < ƽ.ƿǅ
ƾ.ǀǀǃ − ƽ.ƿǂǅƾ · MOƾƿ.ǀǃ9
ƾ−9 , JGƽ.ƿǅ < 9 < ƽ.ǂǅ
. 	

5PDPNQVUFUIFXFJHIUGSBDUJPOPG)#SJOTPMVUJPO9XFVTFUIFGPMMPXJOHFYQSFTTJPO
9 =
.8)#S.
ӏ)#S
	

XIFSF.8)#S JTUIFNPMFDVMBSXFJHIUPG)#S	HNPM−ƾ
.JTUIFNPMBSJUZPG)#S	JO
NPM-−ƾ
BOE ӏ)#S JTUIFEFOTJUZPG)#S	BR
	JOH-−ƾ

ĉFEFOTJUZJUTFMGJTBGVODUJPOPGUFNQFSBUVSFBOEDPODFOUSBUJPOBOEIBTCFFOQSFTFOUFEJO
FNQJSJDBMGPSNCZ/PWPUOÝBOE4ÕIOFM<>
ӏ)#S	BR
 = ӏ)ƿ0 + "ӊ. + #ӊ.5 + $ӊ.5
ƿ + %ӊ.
ǀ/ƿ + &ӊ.
ǀ/ƿ5 + 'ӊ.
ǀ/ƿ5
ƿ 	

XIFSFUIFUFNQFSBUVSFEFQFOEFOUEFOTJUZPGXBUFSӏ)ƿ0 	JOH-−ƾ
JTHJWFOCZUIFFNQJSJDBM
FYQSFTTJPO
ӏ)ƿ0 = ǆǆǆ.ǃǂ + ƽ.ƿƽǁǀǅ5 − ƽ.ƽǃƾǄǁ5
ǀ/ƿ. 	

ĉFQBSBNFUFSTBSFBTGPMMPXT "ӊ = ǂǆ.ǆǅ#ӊ = −ƽ.ƾǀƽƽ$ӊ = ƽ.ƽƽƾƽǃƾ%ӊ = −ƾ.ƿǃǀ
&ӊ = ƽ.ƽƿƾǃƽBOE'ӊ = −ƽ.ƽƽƽƾǃǁǄFBDIIBWJOHVOJUTOFDFTTBSZUPHJWFUIFJSSFTQFDUJWFUFSNT
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5 
oC
'JHVSF &RVJMJCSJVNQPUFOUJBMWT )#SNPMBSJUZBU ◦$ ◦$BOE ◦$DBMDVMBUFEVTJOH&RVB
UJPOT	&FRJEFBMEPĨFEMJOFT
BOE	&FR:FPTPMJEMJOFT
 4USPOHEFWJBUJPOTGSPNJEFBMJUZBSFTFFO
BUIJHIBDJEDPODFOUSBUJPOTGPS&FR:FP ĉFUISFFuUJFSTuTFFOJO&FR:FP SFTVMUGSPNUIFEFėOJUJPOPGӎ JO
&RVBUJPO
EFOTJUZVOJUTPGH-−ƾ
ĉJTFYQSFTTJPOGPSUIFFRVJMCSJVNQPUFOUJBMGSPN:FPBOE$IJOJTJOTPNFTFOTFUIFNPTU
VTFGVMBTJUBDDPVOUTGPSBMPUPGOPOJEFBMCFIBWJPSCFDBVTFJUJTBTFNJFNQJSJDBMFYQSFTTJPO
CBTFEPOSFBMDFMMNFBTVSFNFOUT *NQPSUBOUMZ&FR:FP BOE&FRJEFBM WBSZTJHOJėDBOUMZGSPNPOF
BOPUIFS 'JHVSFIJHIMJHIUTUIJTTIPXJOHDBMDVMBUFEDVSWFTGPS&FR:FP BOE&FRJEFBM BU  ◦$
◦$BOE ◦$'PSTVCTFRVFOUDBMDVMBUJPOTJOUIJTBSUJDMF&FR:FP JTVTFEUPSFQSFTFOUUIFDFMM
FRVJMJCSJVNQPUFOUJBM
5ļĹŁĹŁĶŇĵłĹŇĹňĽňŉĵłķĹŃŋĹŇńŃŉĹłŉĽĵŀӁ3
ĉFSFTJTUBODFPGUIFQSPUPOFYDIBOHFNFNCSBOFJTWFSZJNQPSUBOUJOEFUFSNJOJOHUIF
PQFSBUJPOBMDIBSBDUFSJTUJDTPGBIZESPHFOCSPNJOFDFMM ĉFNFNCSBOFDPOEVDUBODF	UIF
SFDJQSPDBMPGUIFSFTJTUBODF
EFQFOETPOUIFUIJDLOFTTPGUIFNFNCSBOFBOEUIFNFNCSBOF
DPOEVDUJWJUZXIJDIJTJUTFMGBGVODUJPOPGUFNQFSBUVSFBOEBDJEDPODFOUSBUJPO ĉFNFNCSBOF
DPOEVDUJWJUZJTBTTVNFEUPCFJOEFQFOEFOUPGUIFNFNCSBOFUIJDLOFTTBOEPGUIF#S
DPODFOUSBUJPOJOTPMVUJPO ĉFSFTJTUBODFPWFSQPUFOUJBMJTDBMDVMBUFEBTGPMMPXT
Ӂ3 =
M
Ӑ
J
ƾƽƽƽ
	

XIFSFMJTUIFNFNCSBOFUIJDLOFTT	JODN
Ӑ JTUIFNFNCSBOFDPOEVDUJWJUZ	JO ϕ−ƾDN−ƾ
JJT
UIFDVSSFOUEFOTJUZ	JON"DN−ƿ
BOEӁ3 JTUIFSFTJTUJWFPWFSQPUFOUJBM	JOWPMUT
 ĉFGBDUPSPG
BTTVSFTDPOTJTUFODZJOVOJUT $PNNFSDJBM%V1POU/BėPONFNCSBOFTBSFUZQJDBMMZBWBJMBCMF
JOUIJDLOFTTFTSBOHJOHGSPNUPӉN *OUIF#BTF$BTFQSFTFOUFEIFSFBWBMVFPGӉNJT
VTFEGPSUIFNFNCSBOFUIJDLOFTT	FRVJWBMFOUUP/BėPO
 ĉF.PSF0QUJNBMDBTFVTFTB
ӉNUIJDLNFNCSBOF	/BėPO
 'SPNBWPMUBHFMPTTQFSTQFDUJWFJUBMXBZTIFMQTUPEFDSFBTFUIF
UIJDLOFTTPGUIFNFNCSBOFUIPVHIUIJTDBOPOMZCFEPOFUPBDFSUBJOFYUFOUJOQSBDUJDF
NFDIBOJDBMJOUFHSJUZPGUIFNFNCSBOFJTWFSZJNQPSUBOUBTNFNCSBOFSVQUVSFXPVMEBMMPXUIF
VODPOUSPMMFENJYJOHBOESFBDUJPOPG) BOE#S 'VSUIFSNPSFSFBDUBOUDSPTTPWFSJODSFBTFTXJUI
UIFVTFPGUIJOOFSNFNCSBOFTMPXFSJOHUIFDVSSFOUFđDJFODZPGUIFDFMM ĉVTUIFNFNCSBOF
UIJDLOFTTJTBMTPQSBDUJDBMMZMJNJUFECZUIFEFHSFFPGSFBDUBOUDSPTTPWFSUIBUDBOCFUPMFSBUFEJOB
HJWFOTZTUFN :FPBOE.D#SFFO	
NFBTVSFEUIFFYUFOUPGCSPNJOFDSPTTPWFSVOEFSBWBSJFUZ
PGFMFDUSPMZUFDPODFOUSBUJPOT<> 4UFBEZTUBUFDSPTTPWFSDVSSFOUEFOTJUJFTXFSFSFQPSUFEBTIJHI
BTN"DNƿ GPS#S JO)#SBOEBTMPXBTN"DNƿ GPS#S JO)#SGPSB
/BėPO	ӉNUIJDL
NFNCSBOF "TTVNJOHUIFDSPTTPWFSJTJOWFSTFMZQSPQPSUJPOBMUPUIF
NFNCSBOFUIJDLOFTTUIJTXPVMESFTVMUJODSPTTPWFSDVSSFOUEFOTJUJFTSBOHJOHGSPNN"
DN−ƿ UPN"DN−ƿ JOBӉNUIJDLNFNCSBOFPSN"DN−ƿ UPN"DN−ƿ JOB
ӉNUIJDLNFNCSBOF ĉFVQQFSFOEPGUIJTSBOHFXPVMESFQSFTFOUBTJHOJėDBOUDPVMPNCJDMPTTJO
BSFBMDFMMXIJMFUIFMPXFSFOEXPVMEFTTFOUJBMMZCFOFHMJHJCMF 'VSUIFSFYQFSJNFOUBMTUVEJFTBSF
OFDFTTBSZUPEFUFSNJOFXIJDIFOEPGUIJTSBOHFJTNPSFBQQMJDBCMFUPDFMMTPGJOUFSFTUBOE
DPOTJEFSBUJPOTPGUIFDSPTTPWFSDVSSFOUEFOTJUZBSFFTTFOUJBMJOEFUFSNJOJOHUIFJEFBMPQFSBUJOH
DPOEJUJPOT	FTQFDJBMMZ)#S#S DPODFOUSBUJPOT
GPSUIJTUZQFPGDFMM
ĉFNFNCSBOFDPOEVDUJWJUZJTBDPNQMJDBUFEGVODUJPOPGCPUI)#S	BR
DPODFOUSBUJPOBOE
UFNQFSBUVSF %BUBGSPNCPUI#BMEXJO<>BOE4POFFUBM <>XFSFVTFEGPSUIFDBMDVMBUJPOT
IFSFXJUIUIFMBĨFSQSPWJEJOHBDUJWBUJPOFOFSHJFTGPSQSPUPODPOEVDUJPOJO/BėPOJOQVSFXBUFS
	JF .BDJE
 ĉFDPOEVDUJWJUZJTBTTVNFEUPUBLFPOBO"SSIFOJVTGPSN
Ӑ	.5
 = "	.
F
−&B(.)
35 	

XIFSF"	.
JTBQSFFYQPOFOUJBMGBDUPS	JO ϕ−ƾDN−ƾ
BOE&B(.)JTBOBDUJWBUJPOFOFSHZ	JO
+NPM−ƾ
 #BMEXJOQSPWJEFTEBUBGPSӐ BOE&B BUėWFEJĎFSFOUNPMBSJUJFTSBOHJOHGSPN.)#S
UP.)#S	BUPUBMPGEBUBQPJOUT
 4POFFUBM QSPWJEFEBUBGPSӐ BOE&B BU  . )#S 	JF
/BėPOJOQVSFXBUFS
 6TJOHUIFTFWBMVFTUIFQSFFYQPOFOUJBMGBDUPS"DBOCFDBMDVMBUFEGPSUIF
TJYNPMBSJUJFTTUVEJFEJOUIFTFSFGFSFODFT /PXIBWJOHWBMVFTGPS"	.
BOE&B	.
BUTJYEJĎFSFOU
NPMBSJUJFT&RVBUJPODBOCFVTFEUPDBMDVMBUFWBMVFTGPSӐ BUBOZHJWFOUFNQFSBUVSFGPSFBDIPG
UIFTJYNPMBSJUJFT "TQMJOFJOUFSQPMBUJPOXBTUIFOEPOFJO.BUMBC¡VTJOHUIFTJYDVSWFTESBXO
GSPN&RVBUJPOTPUIBUӐ DPVMECFDBMDVMBUFEGPSBOBSCJUSBSZWBMVFPGUIFBDJEDPODFOUSBUJPO
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5 
oC
'JHVSF .FNCSBOFDPOEVDUJWJUZWT BDJENPMBSJUZBUTFWFSBMEJĎFSFOUUFNQFSBUVSFTDBMDVMBUFEVTJOH
EBUBGSPNCPUI#BMEXJOBOE4POFFU BM ĉFEBUBQPJOUTTIPXOBSFBTVCTFUPGUIPTFQSPWJEFECZ#BME
XJO<>
CFUXFFO.BOE.'JHVSFTIPXTUIFNFNCSBOFDPOEVDUJWJUZBTBGVODUJPOPG)#S
NPMBSJUZBUBWBSJFUZPGUFNQFSBUVSFT "TVCTFUPGUIFEBUBGSPN#BMEXJOJTJODMVEFEUPJOEJDBUFUIF
RVBMJUZPGUIFėUT /PUJDFUIBUBU ◦$UIFDPOEVDUJWJUZFYQFSJFODFTBMPDBMNBYJNVNOFBS.
BOEBMPDBMNJOJNVNOFBS."TUIFUFNQFSBUVSFJTJODSFBTFEUIFMPDBMNBYJNVNTIJěTUP
MPXFSDPODFOUSBUJPOTBOEUIFMPDBMNJOJNVNEJTBQQFBSTBMUPHFUIFSDPOTJTUFOUXJUIEBUBGSPN
#BMEXJO 'PSUFNQFSBUVSFT≥ ◦$UIFDPOEVDUJWJUZQFBLTOFBS.
5ļĹļŏĸŇŃĻĹłĹŀĹķŉŇŃĸĹŃŋĹŇńŃŉĹłŉĽĵŀ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Redox reaction of 9,10-anthraquinone-2,7-disulfonic acid
a
b
'JHVSF 	B
$IFNJDBMTUSVDUVSFTPGCFO[PRVJOPOFOBQIUIPRVJOPOFBOE
BOUISBRVJOPOF ĉFBCJMJUZUPSFQMBDF)BUPNTBUUIFWBSJPVTSJOHQPTJUJPOTXJUIBOZOVNCFSPGGVOD
UJPOBMHSPVQTMFBETUPBWJSUVBMMZMJNJUMFTTBSSBZPGQPUFOUJBMNPMFDVMFTUIBUDPVMECFJNQMFNFOUFEJOB
CBĨFSZ 	C
UIFSFEPYSFBDUJPOPG"2%4JOBRVFPVTTPMVUJPO *UJTBUXPFMFDUSPOUXPQSPUPOQSPDFTT
SFEPYBDUJWFNBUFSJBMTUIBUDPTUL8I−ƾ <>
ĉJTDIBQUFSGPDVTFTPOUIFVTFPGRVJOPOFNPMFDVMFTJOBĚPXCBĨFSZ *UCFHJOTCZMPPLJOHBU
UIFFMFDUSPDIFNJDBMQSPQFSUJFTPGTPNFPGUIFTFNPMFDVMFTIJHIMJHIUJOHUIFJSSFWFSTJCJMJUZGBTU
LJOFUJDTSFBTPOBCMFEJĎVTJWJUJFTBOEIJHITPMVCJMJUJFT "ěFSUIJTUIFDIBQUFSGPDVTFTPO"2%4
BOEJUTJNQMFNFOUBUJPOJOBXFMMGVODUJPOJOHCBĨFSZ ĉFCBĨFSZVTFTJOFYQFOTJWFDBSCPO
FMFDUSPEFTDPNCJOJOHUIF"2%4"2%4)ƿ DPVQMFXJUIUIF#S#Sm SFEPYDPVQMFZJFMEJOHB
QFBLHBMWBOJDQPXFSEFOTJUZFYDFFEJOH8DN−ƿ BU"DN−ƿ $ZDMJOHPGUIF
RVJOPOFCSPNJEFĚPXCBĨFSZ	2#'#
TIPXFETUPSBHFDBQBDJUZSFUFOUJPOQFSDZDMFPWFS
>DZDMFT ĉFBCTFODFPGBDUJWFNFUBMDPNQPOFOUTJOCPUISFEPYDIFNJTUSZBOEDBUBMZTJT
SFQSFTFOUTBTJHOJėDBOUTIJěBXBZGSPNNPEFSOCBĨFSJFT
 &ŎńĹŇĽŁĹłŉĵŀ.ĹŉļŃĸň
)ĵŀĺķĹŀŀŁĹĵňŊŇĹŁĹłŉň
)BMGDFMMNFBTVSFNFOUTXFSFDPOEVDUFEVTJOHB#"4J&QTJMPO&$QPUFOUJPTUBUB#"4J"H"H$M
BRVFPVTSFGFSFODFFMFDUSPEF	3&#.,$MėMMJOHTPMVUJPO
BOEB1UXJSFDPVOUFSFMFDUSPEF
&MFDUSPEFQPUFOUJBMTXFSFDPOWFSUFEUPUIFTUBOEBSEIZESPHFOFMFDUSPEF	4)&
TDBMFVTJOH
&	4)&
&	"H"H$M
7XIFSF&	4)&
JTUIFQPUFOUJBMWT 4)&BOE&	"H"H$M
JT
UIFNFBTVSFEQPUFOUJBMWT "H"H$M "OUISBRVJOPOFEJTVMGPOBUFEJTPEJVNTBMUXBT
QVSDIBTFEGSPN5$*BOEVTFEBTSFDFJWFE ĉFFMFDUSPMZUFTPMVUJPOXBTTVMGVSJDBDJE	"$4
4JHNB
JO%*)0	.ϕDN.JMMJQPSF

'PSUIF1PVSCBJYEJBHSBNBRVFPVTN.TPMVUJPOTPG"2%4EJTPEJVNTBMUXFSFQSFQBSFEBOE
Q)CVĎFSFEVTJOHUIFGPMMPXJOHDIFNJDBMT TVMGVSJDBDJE	.Q)
)40m
40m
 	.Q)
m
"D0)"D0m 	.Q)m
)10m
)10m
 	.Q)
)10m
 10m
 	
.Q)
BOE,0)	.Q)
 ĉFQ)PGFBDITPMVUJPOXBTBEKVTUFEXJUI.
)40 PS.,0)TPMVUJPOTBOENFBTVSFEXJUIBO0BLUPOQ)4FSJFTQ)NFUFS	&VUFDI
*OTUSVNFOUT
 ĉJTXPSLXBTEPOFCZ.JDIBFM(FSIBSEU
3PUBUJOHEJTLFMFDUSPEF	3%&
NFBTVSFNFOUTXFSFDPOEVDUFECZ%S .JDIBFM.BSTIBLVTJOHB
#"4JSPUBUJOHEJTLFMFDUSPEF	3%&
BOEBNNEJBNFUFSHMBTTZDBSCPOEJTLFMFDUSPEF "MM
3%&EBUBSFQSFTFOUBOBWFSBHFPGUISFFSVOT 1SJPSUPFBDISVOUIFHMBTTZDBSCPOEJTLXPSLJOH
FMFDUSPEFXBTQPMJTIFEUPBNJSSPSTIJOFXJUINBMVNJOBBOESJOTFEXJUIEFJPOJ[FEXBUFS
VOUJMBDZDMJDWPMUBNNPHSBNPGBTPMVUJPOPGN."2%4JO.)40 TIPXFEBOPEJDBOE
DBUIPEJDQFBLWPMUBHFTFQBSBUJPOPGUPN7BUBTXFFQSBUFPGN7T−ƾ ĉFFMFDUSPEFXBT
UIFOSPUBUFEBUBOE31.XIJMFUIF
WPMUBHFXBTMJOFBSMZTXFQUGSPNUPN7BUN7T−ƾ
)ŏĸŇŃĻĹłŅŊĽłŃłĹķĹŀŀŁĹĵňŊŇĹŁĹłŉň
&BSMZXPSLPOUIFVTFPGRVJOPOFTJOBĚPXCBĨFSZXBTEPOFVTJOHBRVJOPOFPOUIFQPTJUJWFTJEF
PGUIFDFMMBOEIZESPHFOPOUIFOFHBUJWFTJEF ĉFDFMMDPNQPOFOUTXFSFJEFOUJDBMUPUIF
GPVSUIHFOFSBUJPOIZESPHFODIMPSJOFDFMMEFTDSJCFEJO$IBQUFSPGUIJTXPSLFYDFQUB/BėPO
	ӉNUIJDL
NFNCSBOFXBTVTFEBOEDPNNFSDJBM1U3V$FMFDUSPEFTXFSFVTFEPOCPUI
TJEFTPGUIFDFMM 4FSQFOUJOFĚPXDIBOOFMTXFSFBMTPVTFE ĉFDFMMXBTPQFSBUFEJOHBMWBOJDNPEF
VTJOHQSFWJPVTMZEFTDSJCFENFUIPET<>XJUIIJHIQVSJUZIZESPHFOHBTĚPXFEUISPVHIUIF
OFHBUJWFTJEFPGUIFDFMMOFBSQTJHBOEB.QCFO[PRVJOPOFTPMVUJPOJO/)40 ĚPXFE
UISPVHIUIFQPTJUJWFTJEFVTJOHB$PMF1BSNFS.BTUFSĚFYQFSJTUBMUJDQVNQ ĉJTSFBDUJPOJT
TQPOUBOFPVTBOEESJWFTFMFDUSPOTUISPVHIBOFYUFSOBMMPBE #FGPSFFBDITFUPGNFBTVSFNFOUTBO
/ QVSHFXBTQFSGPSNFEUPSFNPWFBOZSFNBJOJOH0 BOEUPFOTVSFUIFSFXFSFOPMFBLTJOUIF
BTTFNCMZ "%$FMFDUSPOJDMPBEXBTVTFEUPESBXJODSFNFOUBMMZIJHIFSDVSSFOUTGSPNUIFDFMMBOE
PODFUIFWPMUBHFTUBCJMJ[FE	UZQJDBMMZXJUIJOBGFXTFDPOET
JUTWBMVFXBTSFDPSEFE &BDI
NFBTVSFNFOUXBTEPOFUISFFUJNFTBUFWFSZDVSSFOUEFOTJUZBOEUIFSFTVMUTXFSFBWFSBHFE
3FTVMUTBSFPOMZSFQPSUFEGPSHBMWBOJDPQFSBUJPOBTQFSGPSNBODFJOUIFFMFDUSPMZUJDEJSFDUJPOXBT
FYUSFNFMZMJNJUFEEVFUPUIFMPXTPMVCJMJUZPGUIFSFEVDFERVJOPOFNPMFDVMFT	BSJTJOHGSPN
DPNQMFYJOHJTTVFTEJTDVTTFEMBUFSJOUIJTDIBQUFS

2#'#ŁĹĵňŊŇĹŁĹłŉň
ĉF2#'#DPNQSJTFEBNJYUVSFPGDPNNFSDJBMMZBWBJMBCMFBOEDVTUPNNBEFDPNQPOFOUTBOEJT
JEFOUJDBMUPUIFėěIHFOFSBUJPO)$M DFMMEFTDSJCFEJO$IBQUFS *OUFSEJHJUBUFEĚPXėFMETXFSF
VTFE 1SFUSFBUFEDNƿTUBDLFE	Y
5PSBZDBSCPOQBQFSFMFDUSPEFT	FBDIPGXIJDIJTBCPVU
ӉNVODPNQSFTTFE
XFSFVTFEPOCPUITJEFTPGUIFDFMM 1SFUSFBUNFOUDPOTJTUFEPGBNJO
TPOJDBUJPOJOJTPQSPQZMBMDPIPMGPMMPXFECZBėWFIPVSTPBLJOBIPU	 ◦$
NJYUVSFPGVOEJMVUFE
TVMGVSJDBOEOJUSJDBDJETJOBWPMVNFUSJDSBUJP /BėPO	 ӉNUIJDL
XBTVTFEBTB
QSPUPOFYDIBOHFNFNCSBOF	1&."MGB"FTBS
BOE15'&HBTLFUJOHXBTVTFEUPTFBMUIFDFMM
BTTFNCMZ .FNCSBOFQSFUSFBUNFOUXBTEPOFBDDPSEJOHUPQSFWJPVTMZQVCMJTIFEQSPUPDPMT	TFF
$IBQUFSJOUIJTXPSL
 0OUIFQPTJUJWFTJEFPGUIFDFMMN-PG.)#SBOE.#S XFSF
VTFEBTUIFFMFDUSPMZUFTPMVUJPOJOUIFGVMMZEJTDIBSHFETUBUFPOUIFOFHBUJWFTJEF."2%4
JO.)40 XBTVTFE )#SXBTVTFEPOUIFOFHBUJWFTJEFJOTUFBEPG)40 GPSTUBCJMJUZUFTUJOH
SFTVMUTEJTQMBZFEJO'JHVSF 4UBUFPGDIBSHFDBMDVMBUJPOTBSFCBTFEPOUIFDPNQPTJUJPOPGUIF
RVJOPOFTJEFPGUIFDFMM "OUISBRVJOPOFEJTVMGPOBUFEJTPEJVNTBMU	5$*
XBTĚVTIFE
UXJDFUISPVHIBDPMVNODPOUBJOJOH"NCFSMZTU¡)JPOFYDIBOHFSFTJOUPSFNPWFUIFTPEJVN
JPOTUIFSFCZGPSNJOHUIF"2%4VTFEJOUIFCBĨFSZ .FBTVSFNFOUTTIPXOIFSFXFSFEPOFBU
◦$.BSDI¡DFOUSJGVHBMQVNQTXFSFVTFEUPDJSDVMBUFUIFĚVJETBUBSBUFPGBQQSPYJNBUFMZN-
NJO−ƾFYDFQUJOUIFDBTFPG'JHVSFXIFSFB$PMF1BMNFSEJBQISBHNQVNQXBTVTFEPOUIF
"2%4TJEFPGUIFDFMM ĉJTQVNQIBTBNVDITNBMMFSJOUFSOBMWPMVNFUIBOUIFDFOUSJGVHBMQVNQT
UIFSFCZBMMPXJOHGPSUIFVTFPGBTNBMMFSWPMVNFPG"2%4MJRVJESFEVDJOHUIFUPUBMDBQBDJUZPG
UIFCBĨFSZBOEBDDFMFSBUJOHUIFDZDMJOHFYQFSJNFOUTFFOJO'JHVSF 'PSDIBSBDUFSJ[BUJPO
TFWFSBMJOTUSVNFOUTXFSFVTFE B$)*OTUSVNFOUT$QPUFOUJPTUBU	XIJDIDBOCFVTFEVQUP±
"
B%$FMFDUSPOJDMPBE	$JSDVJU4QFDJBMJTUT*OD
 GPSHBMWBOJDEJTDIBSHFB%$SFHVMBUFEQPXFS
TVQQMZ	$JSDVJU4QFDJBMJTUT*OD
 GPSFMFDUSPMZUJDDIBSBDUFSJ[BUJPOBOEBTUBOEBSENVMUJNFUFSGPS
JOEFQFOEFOUWPMUBHFNFBTVSFNFOUT ĉFDFMMXBTDIBSHFEBU7VOUJMBėYFEBNPVOUPGDIBSHF
SBOUISPVHIUIFDFMM %VSJOHUIJTQSPDFTTUIF"2%4FMFDUSPMZUFDPMPSDIBOHFEGSPNPSBOHFUP
EBSLHSFFO	"2%4UP"2%4)ƿ
 1FSJPEJDBMMZUIFPQFODJSDVJUQPUFOUJBMXBTNFBTVSFE
QSPWJEJOHUIFEBUBJO'JHVSFC "MTPBUWBSJPVTTUBUFTPGDIBSHF	40$T
QPUFOUJBMDVSSFOU
CFIBWJPSXBTDIBSBDUFSJ[FEVTJOHUIFFRVJQNFOUEFTDSJCFEBCPWF BėYFEDVSSFOUXBTESBXOGSPN
UIFDFMMBOEUIFWPMUBHFPODFTUBCJMJ[FEXBTSFDPSEFE	'JHVSF
 'PSUIFDZDMJOHEBUBJO
'JHVSFCUIFQPUFOUJPTUBUXBTVTFEGPSDPOTUBOUDVSSFOU	±"DN−ƿ
NFBTVSFNFOUTXJUI
DVUPĎWPMUBHFTPG7BOE7ĉFEJTDIBSHFDBQBDJUZSFUFOUJPOJTDBMDVMBUFEBTUIFEJTDIBSHF
UJNFPGDZDMFOEJWJEFECZUIFEJTDIBSHFUJNFPGDZDMFO−ƾ 'PSUIFDZDMJOHEBUBJO'JHVSFBB
NPSFEJMVUFRVJOPOFTPMVUJPO	.BTPQQPTFEUP.
XBTVUJMJ[FE )FSFUIFIBMGDZDMF
MFOHUITXFSFQSPHSBNNFEUPSVOBUDPOTUBOUDVSSFOUGPSBėYFEBNPVOUPGUJNFQSPWJEFEUIF
WPMUBHFDVUPĎTXFSFOPUSFBDIFETPUIBUIBMGPGUIFDBQBDJUZPGUIFCBĨFSZXBTVUJMJ[FEJOFBDI
DZDMF ĉFWPMUBHFDVUPĎTXFSFOFWFSSFBDIFEEVSJOHDIBSHJOHCVUXFSFSFBDIFEEVSJOHEJTDIBSHF
$VSSFOUFđDJFODJFTBSFFWBMVBUFECZEJWJEJOHUIFEJTDIBSHFUJNFCZUIFDIBSHFUJNFPGUIF
QSFWJPVTIBMGDZDMF
$ŃňŉĵłĸĹĺĺĽķĽĹłķŏķĵŀķŊŀĵŉĽŃłň
$PTUDBMDVMBUJPOTXFSFEPOFVTJOHUIFGPMMPXJOHGPSNVMB
$ =( ǀ.ǃ · ƾƽ
ǀ)
1.
O'&
, 	

XIFSF$JTUIFDPTUPGUIFDPNQPVOE	L8I−ƾ
1JTUIFDPTUQFSLJMPHSBN.JTUIF
NPMFDVMBSBUPNJDNBTTPGUIFDPNQPVOE'JT'BSBEBZTDPOTUBOU	$NPM−ƾ
OJTUIF
OVNCFSPGNPMFTPGFMFDUSPOTUSBOTGFSSFEQFSNPMFPGTUPSBHFDPNQPVOE	GPSUIF2#'#
BOE&
JTUIFPQFODJSDVJUWPMUBHF	7
PGUIFTUPSBHFEFWJDF *ODBMDVMBUJOHUIFQSJDFGPSUIF
BOUISBRVJOPOFCSPNJOFCBĨFSZBQSJDFPGLH−ƾ 	F#JP$IFN
XBTVTFEGPSBOUISBRVJOPOFǛǛ
ĉFQSJDFPGCSPNJOFXBTLH−ƾCBTFEPOFTUJNBUFTGSPNUIF64(FPMPHJDBM4VSWFZ<>
ĉFDFMMWPMUBHFVTFEUPDBMDVMBUFDPTUTIFSFXBT7'PSWBOBEJVNDPTUTXFSFDBMDVMBUFE
GSPN64(4QSJDFTGSPNPGWBOBEJVNQFOUPYJEFBULH−ƾ <>BOEUIFDFMMWPMUBHF
VTFEXBT7
ĉFDFMMWPMUBHFFđDJFODZJTEFėOFEBTJUXBTJOQSFWJPVTDIBQUFST	TFF&RVBUJPO
 ĉF
DVSSFOUFđDJFODZJTEFėOFEGPSUIFOUIDZDMFJOUIFGPMMPXJOHNBOOFS
DVSSFOUFđDJFODZ =
2E,O
2D,O
	

XIFSF2E,O JTUIFOVNCFSPGDPVMPNCTFYUSBDUFEGSPNUIFEJTDIBSHFQPSUJPOPGDZDMFOBOE2D,O JT
ǖǖ/PUF UIBU JO PSEFS UP HFU UIF TVMGPOBUFE GPSN BDUVBMMZ VTFE IFSF BOUISBRVJOPOF NVTU CF SFBDUFE XJUI PMFVN
	)4040
XIJDIBEETBOFHMJHJCMFDPTUBUTDBMFUIJTDPTUJTOPUJODMVEFEIFSF
UIFOVNCFSPGDPVMPNCTFYUSBDUFEGSPNUIFDIBSHFQPSUJPOPGDZDMFO ĉJTOVNCFSTIPVMECFBT
DMPTFUPBTQPTTJCMF ĉFEJTDIBSHFDBQBDJUZSFUFOUJPOJTEFėOFEGPSUIFOUIDZDMFVTJOHUIF
GPMMPXJOHFRVBUJPO
EJTDIBSHFDBQBDJUZSFUFOUJPO =
2E,O
2E,O−ƾ
	

XIFSF2E,O−ƾ JTUIFOVNCFSPGDPVMPNCTFYUSBDUFEGSPNUIFEJTDIBSHFQPSUJPOPGDZDMF(O − ƾ)
 )ĵŀĺ$Ĺŀŀ.ĹĵňŊŇĹŁĹłŉň
*OPSEFSUPHBJOBCFĨFSVOEFSTUBOEJOHPGUIFRVJOPOFSFEPYSFBDUJPOPODBSCPO"2%4XBT
TVCKFDUFEUPIBMGDFMMFMFDUSPDIFNJDBMNFBTVSFNFOUT $ZDMJDWPMUBNNFUSZPGBN.TPMVUJPOPG
"2%4JO.TVMGVSJDBDJEPOBHMBTTZDBSCPOEJTLXPSLJOHFMFDUSPEFTIPXTDVSSFOUQFBLT
DPSSFTQPOEJOHUPSFEVDUJPO	MPXFSQFBL
BOEPYJEBUJPO	VQQFSQFBL
PGUIFBOUISBRVJOPOF
TQFDJFT	'JHVSF
 *UFYIJCJUTBQFBLTFQBSBUJPOOFBSN7XIJDIJTDMPTFUPUIFN7O
XIFSFOJTUIFOVNCFSPGFMFDUSPOTJOWPMWFEFYQFDUFEGPSBUXPFMFDUSPOQSPDFTT	BOZOVNCFS
MFTTUIBON7JTBHPPEJOEJDBUPSPGBNVMUJFMFDUSPOQSPDFTT
 "MTPOPUFUIBU&ƽUIFQPUFOUJBM
IBMGXBZCFUXFFOUIFSFEVDUJPOBOEPYJEBUJPOQFBLTJT7
6TJOHBQQSPQSJBUFMZQ)CVĎFSFETPMVUJPOTPOFDBONFBTVSF&ƽ GPS"2%4BUBWBSJFUZPG
EJĎFSFOUTPMVUJPOQ)WBMVFTUPHFOFSBUFBTPDBMMFEi1PVSCBJYEJBHSBNuĉFTFEJBHSBNTBSFPěFO
VTFGVMJOVOEFSTUBOEJOHUIFDPSSPTJPOQSPQFSUJFTPGNBUFSJBMTJOBRVFPVTTPMVUJPOTǛǛǛCVUUIFZBSF
IFMQGVMIFSFJOUIBUUIFZBMMPXGPSDPOėSNBUJPOPGUIFOVNCFSPGQSPUPOTBOEFMFDUSPOTJOWPMWFE
JOUIFSFEPYSFBDUJPOPG"2%4"TJTFWJEFOUJO'JHVSFBUXPFMFDUSPOUXPQSPUPOQSPDFTT
ǖǖǖ3FG <> XSJĨFO CZ .BSDFM 1PVSCBJY IBT B SFNBSLBCMF BNPVOU PG JOGPSNBUJPO BOE JT B NVTUPXO GPS BOZ FMFD
USPDIFNJTU
50 100 150 200 250 300 350
-500
-400
-300
-200
-100
0
100
200
300
 
 
C
u
r
r
e
n
t
 
D
e
n
s
i
t
y
 
(
µ
A
 
c
m
-
2
)
Potential (mV vs. SHE)
E
0
'JHVSF $ZDMJDWPMUBNNPHSBNPGN."2%4JO.)40 POBHMBTTZDBSCPOXPSLJOHFMFDUSPEF
ĉFCMVFWFSUJDBMMJOFJOEJDBUFTUIFQPTJUJPOPG&ƽIBMGXBZCFUXFFOUIFSFEVDUJPOBOEPYJEBUJPOQFBLT
	JOEJDBUFECZUIFSFEMJOFT

0 2 4 6 8 10 12 14
-300
-200
-100
0
100
200
300
 
 
E 0  (mV vs SHE)
pH
2 e-, 2 H+
2 e-, 1 H+
2 e-, 0 H+
'JHVSF 1PVSCBJYEJBHSBN	&ƽ WT Q)
GPS"2%4%BUBBSFėUUPUISFFTPMJEMJOFTJOEJDBUJOHTMPQFT
PGN7Q)−ƾ 	SFE
N7Q)−ƾ 	CMVF
BOEN7Q)−ƾ 	HSFFO
DPSSFTQPOEJOHUPUXPPOFBOE
[FSPQSPUPOQSPDFTTFTSFTQFDUJWFMZ ĉFEBTIFEMJOFTMJOFBSMZFYUSBQPMBUFUIFPOFBOE[FSPQSPUPOQSP
DFTTFTUPHJWF&ƽ WBMVFTPGN7	F−) +
BOE¢N7	F−)+
 %BUBDPMMFDUFECZ.JDIBFM
(FSIBSEU
PDDVSTCFMPXBQ)PGBCPVUXJUIUIFNFBTVSFEEBUBQPJOUTDMPTFMZGPMMPXJOHUIFSFEMJOFXIJDI
IBTBTMPQFPGN7Q)−ƾ *OUIFQ)SBOHF"2%4VOEFSHPFTBUXPFMFDUSPO
POFQSPUPOFMFDUSPDIFNJDBMSFBDUJPODMPTFMZGPMMPXJOHUIFCMVFMJOF	TMPQFPGN7Q)−ƾ

"CPWFQ)"2%4VOEFSHPFTBUXPFMFDUSPO[FSPQSPUPOQSPDFTTJOEJDBUJOHCZUIF
IPSJ[POUBMHSFFOMJOF ĉFFOUJSFUZPGUIFEBUBJODMVEFEJOUIJTDIBQUFSGSPNUIJTQPJOUGPSXBSEXBT
DPMMFDUFEJOUIFMPXQ)	JF UIFUXPQSPUPOUXPFMFDUSPO
SFHJNF
"OJNQPSUBOUTFUPGNFUIPETGPSNBLJOHFMFDUSPDIFNJDBMNFBTVSFNFOUTJOWPMWFUIFVTFPGB
SPUBUJOHEJTLFMFDUSPEF	3%&
#ZTQJOOJOHBOFMFDUSPEFXJUIBLOPXOHFPNFUSZBUBLOPXOSBUF
UIFDPOWFDUJWFEJĎVTJWFFRVBUJPODBOCFTPMWFEFYBDUMZ	TFF$IBQUFSJO3FG <>GPSNPSF
EFUBJMT
 ĉFTFGPSDFEDPOWFDUJPONFBTVSFNFOUTBMMPXGPSUIFQSFDJTFTFQBSBUJPOPGLJOFUJDFĎFDUT
BUBOFMFDUSPEFBOENBTTUSBOTQPSUFĎFDUTBSPVOEUIFFMFDUSPEFBOEUIFZBMMPXGPSUIF
NFBTVSFNFOUPGSBUFDPOTUBOUTEJĎVTJPODPFđDJFOUTBOEUSBOTGFSDPFđDJFOUTBMMJNQPSUBOU
FMFDUSPDIFNJDBMQBSBNFUFST 'SPNBTPMVUJPOUPUIFDPOWFDUJWFEJĎVTJWFFRVBUJPOUIF-FWJDI
FRVBUJPOJTGPVOE
JM = ƽ.ǃƿO'"%
ƿ
ǀӗ
ƾ
ƿӊ
− ƾ
ǃ$0, 	

XIFSFJM JTUIFNBTTUSBOTQPSUMJNJUFEDVSSFOUJO"DN−ƿOBOE'BSFEFėOFEBTJOQSFWJPVT
DIBQUFST	TFFTFDUJPO
"JTUIFFMFDUSPEFBSFBJODNƿ%JTUIFEJĎVTJPODPFđDJFOUJODNƿ T−ƾ
ӗ JTUIFSPUBUJPOSBUFJOSBET−ƾӊ JTUIFLJOFNBUJDWJTDPTJUZJODNƿ T−ƾBOE$0 JTUIF
DPODFOUSBUJPOPG"2%4JONPMDN−ǀ #ZDPMMFDUJOH3%&EBUBBUBWBSJFUZPGSPUBUJPOSBUFTBOE
NFBTVSJOHJM BUFBDISBUFBQMPUPGJM WT ӗƾ/ƿ TIPVMEZJFMEBTUSBJHIUMJOFXJUITMPQF
ƽ.ǃƿO'"%
ƿ
ǀӊ− ƾ
ǃ$0 'JHVSFBTIPXTUIFSBX3%&EBUBGPSN."2%4JO.)40 POB
HMBTTZDBSCPOEJTLFMFDUSPEFDPMMFDUFEBUFMFWFOEJĎFSFOUSPUBUJPOSBUFTBOE'JHVSFCTIPXT
UIJTTBNFEBUBPOBQMPUPGJM WT ӗƾ/ƿXJUIBėUUP&RVBUJPOTVQFSJNQPTFE ĉJTėUZJFMETBO
"2%4EJĎVTJPODPFđDJFOU%Y−ǃ DNƿ T−ƾ 'PSDPNQBSJTPOUIFEJĎVTJPODPFđDJFOUGPS
#S BU ◦$JTY−ǂ DNƿ T−ƾ <>
"OPUIFSJNQPSUBOUFRVBUJPOJOFMFDUSPDIFNJDBMBOBMZTJTJTUIF,PVUFDLÝ-FWJDIFRVBUJPO
XIJDIUBLFTUIFGPMMPXJOHGPSN
ƾ
J
=
ƾ
J,
+
ƾ
JM
=
ƾ
J,
+
ƾ
ƽ.ǃƿO'"%
ƿ
ǀӗ
ƾ
ƿӊ− ƾ
ǃ$0
, 	

50 100 150 200 250 300
                   
   
   )
-1400
-1200
-1000
-800
-600
-400
-200
0
                      
200 RPM
3600 RPM
a
0 2 4 6 8 10 12 14 16 18 20
0
-10
-20
-30
-40
-50
-60
-70
-80
-90
-100
 
 
                     
 
   1/2 (Rad/s)1/2
b
        2/3 -1/6CO
'JHVSF 	B
3PUBUJOHEJTLFMFDUSPEF	3%&
NFBTVSFNFOUTPG"2%4VTJOHBHMBTTZDBSCPOFMFDUSPEF
JO.)40 BUSPUBUJPOSBUFT BOE
31.	C
-FWJDIQMPU	MJNJUJOHDVSSFOUWFSTVTTRVBSFSPPUPGSPUBUJPOSBUFӒ
PGN."2%4JO.
)40 	UIFėĨFEMJOFIBTBTMPQFPG"Tƾ/ƿ SBE−ƾ/ƿHJWJOH%¤−ǃ DNƿ T−ƾ
 %BUBBSFBO
BWFSBHFPGUISFFSVOTFSSPSCBSTJOEJDBUFUIFTUBOEBSEEFWJBUJPO %BUBDPMMFDUFECZ.JDIBFM.BSTIBL
XIFSFJJTUIFNFBTVSFEDVSSFOUJO"DN−ƿJ, JTUIFLJOFUJDDVSSFOUPSUIFDVSSFOUJOUIFBCTFODF
PGBOZNBTTUSBOTGFSFĎFDUT	JF JOėOJUFMZGBTUUSBOTQPSU
JO"DN−ƿBOEBMMPGUIFPUIFSUFSNTBSF
EFėOFEJO&RVBUJPO 0OFDBOUIFOUBLFUIFEBUBJO'JHVSFBBOEGPSBHJWFOQPUFOUJBMOPUF
UIFNFBTVSFEDVSSFOUBTBGVODUJPOPGSPUBUJPOSBUF	JF ESBXBWFSUJDBMMJOFUISPVHIUIFDVSWFTBOE
EFUFSNJOFUIFQPJOUTXIFSFUIFJOEJWJEVBMDVSWFTDSPTTUIJTWFSUJDBMMJOF
 *GUIFTFQPJOUTBSFUIFO
QMBDFEPOBQMPUPG ƾ
J WT ƾ
Ӓƾ/ƿBTUSBJHIUMJOFTIPVMEBSJTFXJUIZJOUFSDFQU ƾ
J, BOETMPQF
ƾ
ƽ.ǃƿO'"%ƿ/ǀӅ−ƾ/ǃ$0 ĉJTDBOCFEPOFBUBWBSJFUZPGQPUFOUJBMTBOEQSPEVDFTUIF,PVUFDLÝ-FWJDI
QMPUTFFOJO'JHVSFB ĉFTFMJOFTTIPVMECFQBSBMMFMCVUIBWFEJĎFSFOUZJOUFSDFQUTXIJDI
JOUVJUJWFMZNBLFTTFOTFTJODFPOFXPVMEFYQFDUBMBSHFSJ, GPSMBSHFSPWFSQPUFOUJBMT *O'JHVSFB
,PVUFDLÝ-FWJDIMJOFTGPSTJYEJĎFSFOUPWFSQPUFOUJBMT	BOEN7
BSFTIPXO
0OFDBOUBLFUIFWBMVFTGPSJ, GPVOEJO'JHVSFBBOEQMPUPWFSQPUFOUJBMWT MPH	J,
UPZJFME
UIFQMPUTFFOJO'JHVSFC 4JYEBUBQPJOUTBSFTIPXOIFSFDPSSFTQPOEJOHUPUIFMJOFTTFFOJO
'JHVSFB "ėUUPUIFTFQPJOUTDBOCFESBXOVTJOHUIF#VUMFS7PMNFSFRVBUJPO
J = Jƽ
 
$T
0(J)
$CVML
0
FYQ
 
−һO'Ӂ
35
 
−
$T
3(J)
$CVML
3
FYQ
 
(ƾ − һ)O'Ӂ
35
  
, 	

XIFSFJƽ JTUIFFYDIBOHFDVSSFOUEFOTJUZ	JON"DN−ƿ
$CVML
0 BOE$CVML
3 BSFUIFCVML
DPODFOUSBUJPOTPGUIFPYJEJ[FEBOESFEVDFEGPSNTSFTQFDUJWFMZ$T
0(J)BOE$T
3(J)BSFUIFJS
SFTQFDUJWFDPODFOUSBUJPOTOFBSUIFFMFDUSPEFTVSGBDF	BMMJONPMDN−ǀ
 *OUIFSFHJNFXIFSF
NBTTUSBOTQPSUJTQSBDUJDBMMZJOėOJUFXIJDIJTUIFDBTFXIFODBMDVMBUJOHJ,$T
3 JTFĎFDUJWFMZ[FSP
BTBOZSFEVDFERVJOPOFJTJNNFEJBUFMZUSBOTQPSUFEBXBZGSPNUIFFMFDUSPEF ĉVTUIFTFDPOE
FYQPOFOUJBMUFSNJO&RVBUJPODBOCFOFHMFDUFE 'VSUIFSNPSF$T
0 = $CVML
0 CZUIJTNBTT
USBOTQPSUBTTVNQUJPOMFBEJOHUPBTJNQMJėFEGPSNPGUIF#VUMFS7PMNFSFRVBUJPO
J = Jƽ
 
FYQ
 
−һO'Ӂ
35
  
	

XIJDIDBOCFXSJĨFOJOUIFGPMMPXJOHGPSNCZUBLJOHUIFOBUVSBMMPHPGCPUITJEFTTPMWJOHGPSӁ
BOEDPOWFSUJOHMOUPMPH
Ӂ =
ƿ.ǀƽǀ35
һO'
MPHJƽ −
ƿ.ǀƽǀ35
һO'
MPHJ. 	

ĉVTBQMPUPGPWFSQPUFOUJBMWT MPH	J
XJMMZJFMEBTUSBJHIUMJOFXJUIBTMPQFPG ƿ.ǀƽǀ35
ҶO' BOEBO
YJOUFSDFQUFRVBMUPMPH	Jƽ
BTDBOCFTFFOJO'JHVSFC 'SPNUIJTėUWBMVFTPGһBOEJƽ
N"DN−ƿ XFSFGPVOE ĉFWBMVFPGһ JTDMPTFUPUIFWBMVFPGFYQFDUFEGPSBOJEFBMMZ
SFWFSTJCMFSFBDUJPO 6TJOHUIFGPMMPXJOHFRVBUJPOJƽXIJDIJTBDPODFOUSBUJPOEFQFOEFOU
FYDIBOHFDVSSFOUEFOTJUZDBOCFDPOWFSUFEUPBNPSFHFOFSBMMZBQQMJDBCMFSBUFDPOTUBOU
Lƽ =
Jƽ
'"$0
, 	

TPUIFWBMVFLƽ Y−ǀ DNT−ƾ JTGPVOE 'PSDPNQBSJTPOUIJTSBUFDPOTUBOUJTGBTUFSUIBOUIBU
GPVOEGPSNBOZPUIFSTQFDJFTVTFEJOĚPXCBĨFSJFTTVDIBT7ǀ+7ƿ+#S #SmBOE'Fǀ+'Fƿ+
XIJDIIBWFSBUFDPOTUBOUTPGY−ǀ DNT−ƾ 	PO)H
Y−ǁ DNT−ƾ 	POWJUSFPVTDBSCPO

BOEY−ǀ DNT−ƾ 	POQPMZDSZTUBMMJOF"V
SFTQFDUJWFMZ	TFF5BCMFJO3FG <>
 *UJNQMJFT
UIBUUIFWPMUBHFMPTTEVFUPUIFSBUFPGTVSGBDFFMFDUSPDIFNJDBMSFBDUJPOTJTOFHMJHJCMF
0.00 0.04 0.08 0.12 0.16 0.20 0.24
0
-10
-20
-30
-40
-50
-60
(Rotation Rate)     (s    rad    )
i
    (mA    )
                  
 13
 18
 23
 28
 33
 38
 
a
 
 
-4.4 -4.3 -4.2 -4.1 -4.0 -3.9 -3.8 -3.7 -3.6
0
5
10
15
20
25
30
35
40
45
 
                  
log(iK)
b
log(i0)
             
'JHVSF 	B
,PVUFDLÝ-FWJDIQMPU	DVSSFOU−ƾ WFSTVTSPUBUJPOSBUF−ƾ/ƿ
EFSJWFEGSPN'JHVSFBB U
TJYEJĎFSFOU"2%4SFEVDUJPOPWFSQPUFOUJBMT 	C
'JUPG#VUMFS7PMNFSFRVBUJPOGPS"2%4DPOTUSVDUFE
VTJOHUIFDVSSFOUSFTQPOTFJOUIFBCTFODFPGNBTTUSBOTQPSUBUMPX"2%4SFEVDUJPOPWFSQPUFOUJBMTJ,
JT UIFDVSSFOUFYUSBQPMBUFEGSPNUIF[FSPJOUFSDFQUPG	B
UIFCFTUėUMJOFZJFMETҶ BOELƽ ¤
−ǀ DNT−ƾ
 )ŏĸŇŃĻĹł2ŊĽłŃłĹ$Ĺŀŀ3ĹňŊŀŉň
0VSFYQMPSBUJPOPGUIFVTFPGRVJOPOFTJOCBĨFSJFTCFHBOXJUIUIFJNQMFNFOUBUJPOPGTFWFSBM
EJĎFSFOUCFO[PRVJOPOFTPOUIFQPTJUJWFTJEFPGUIFCBĨFSZBOE) POUIFOFHBUJWFTJEF ĉJTDFMM
VTFEB/BėPONFNCSBOFBOEB1U3V$FMFDUSPEFPOUIF) TJEFPGUIFDFMM #FDBVTFUIF
CFIBWJPSPGUIFIZESPHFOFMFDUSPEFJTWFSZXFMMVOEFSTUPPEBSSBOHJOHUIFDFMMJOUIJTNBOOFS
BMMPXTVTUPiJTPMBUFuUIFQFSGPSNBODFPGUIFRVJOPOFFMFDUSPEFBOEEFUFSNJOFUIFWJBCJMJUZPG
UIFTFPSHBOJDNPMFDVMFTJOBĚPXCBĨFSZ 4PNFQSFMJNJOBSZSFTVMUTPGUIFTFTUVEJFTDBOCFGPVOE
JO3FGT <>BOE<> *OJUJBMTUVEJFTXFSFEPOFPOQBSBCFO[PRVJOPOF
EJIZESPYZCFO[FOFTVMGPOJDBDJE	JEFOUJDBMUPUIFSFEVDFEGPSNPGQBSBCFO[PRVJOPOFXJUI
BOBEEFETVMGPOZMHSPVQ
BOEDBUFDIPMEJTVMGPOJDBDJE	BOPSUIPCFO[PRVJOPOFXJUI
TVMGPOZMHSPVQTBMTPLOPXOBTUJSPO
 ĉFTFNPMFDVMFTXFSFėSTUUSJFECFDBVTFUIFZXFSFWFSZ
JOFYQFOTJWF 8JUIUIFMBĨFSUXPNPMFDVMFTXIJDIDBOCFTFFOJO'JHVSFDFMMQFSGPSNBODFXBT
TJNQMZUFSSJCMF ĉFFRVJMJCSJVNQPUFOUJBMTXFSFXFMMCFMPXFYQFDUFEWBMVFT	QPTTJCMZEVFUP
DPNQMFYJOHJOTPMVUJPOBOEPSFMFDUSPEFGPVMJOH
BOEWFSZMJĨMFDVSSFOUDPVMECFESBXOGSPNUIF
DFMMTPUIFTFNPMFDVMFTXFSFBCSVQUMZBCBOEPOFE 8JUIUIFQBSBCFO[PRVJOPOFIPXFWFSXF
BDIJFWFESFBTPOBCMFDFMMQFSGPSNBODF 'JHVSFIJHIMJHIUTUIJTGBDU
-JNJUJOHDVSSFOUEFOTJUJFTBQQSPBDIJOHN"DN−ƿ XFSFBDIJFWFEXJUIQPXFSEFOTJUJFTKVTU
VOEFSN8DN−ƿ ĉFDFMMFRVJMJCSJVNQPUFOUJBMJT7FYUSFNFMZDMPTFUPUIFFYQFDUFE
MJUFSBUVSFWBMVFPG7<> 0OFJNQPSUBOUOPUFJTUIBUUIFĚPXSBUFCFHJOTBĎFDUJOHUIFDFMM
QFSGPSNBODFBUSFMBUJWFMZTNBMMDVSSFOUEFOTJUJFT	<N"DN−ƿ
JOEJDBUJOHUIBUNBTTUSBOTQPSU
JTFYUSFNFMZMJNJUJOHJOUIJTDFMM ĉVTBMUIPVHIUIFQPXFSEFOTJUJFTBSFOPUQBSUJDVMBSMZIJHIUIF
OH
SO3
-
OH
OH
OH
SO3
- -O3S
2,5-dihydroxybenzenesulfonic acid catechol-3,5-disulfonic acid
(tiron)
'JHVSF $IFNJDBMTUSVDUVSFTPGEJIZESPYZCFO[FOFTVMGPOJDBDJEBOEDBUFDIPMEJTVMGPOJDBDJE
	BMTPLOPXOBTUJSPO

GBDUUIBUNBTTUSBOTQPSUMJNJUBUJPOTBQQFBSUPCFUIFEPNJOBOUMPTTJOEJDBUFTUIBUUIFSFJTBMPUPG
SPPNGPSJNQSPWFNFOUJOUIJTQBSUJDVMBSDFMMXIJDIXBTBQSPNJTJOHSFTVMUBUUIFUJNF &WFONPSF
JNQPSUBOUMZUIJTXBTUIFėSTUFYQFSJNFOUGSPNPVSHSPVQUIBUEFėOJUJWFMZQSPWFEUIBURVJOPOFT
XFSFBWJBCMFNPMFDVMFGPSVTFJOBĚPXCBĨFSZ 6MUJNBUFMZQBSBCFO[PRVJOPOFQSPWFEUPCF
BOVOTVJUBCMFNPMFDVMFGPSVTFJOBCBĨFSZEVFXFCFMJFWFUPJUTQSPQFOTJUZUPDPNQMFYXJUI
IZESPRVJOPOFJUTSFEVDFEDPVOUFSQBSUGPSNJOHBOJOTPMVCMFDPNQPVOEDBMMFERVJOIZESPOF
<>UIBUQSFDJQJUBUFTPVUPGTPMVUJPOBOEVMUJNBUFMZDMPHTUIFDFMM	'JHVSF
 2VJOIZESPOFJTB
SFTPOBODFTUBCJMJ[FEDPNQPVOEXIFSFUIFIZESPHFOJOUIF0)HSPVQTPOUIFIZESPRVJOPOFJT
TIBSFEXJUIUIFDBSCPOZMPYZHFOBUPNTPOUIFRVJOPOF	UIFSJOHTBMTPOFBUMZTUBDLPOUPQPGFBDI
PUIFSMJLFUXPTIFFUTPGQBQFSBTPQQPTFEUPUIFTJEFCZTJEFBSSBOHFNFOUTIPXOJO'JHVSF

*UJTDSJUJDBMUPLFFQJONJOEUIBUUIFGPSNBUJPOPGUIFTFUZQFTPGDPNQPVOETJTQPTTJCMFBTJUJT
PCWJPVTMZBOVOEFTJSBCMFQSPQFSUZ 'PSUVOBUFMZBTNPSFSJOHTBSFBEEFEBOENPSFGVODUJPOBM
HSPVQTBSFBQQFOEFEUPUIFTFSJOHTUIJTUZQFPGSFBDUJPOCFDPNFTMFTTFOFSHFUJDBMMZGBWPSBCMF
UIFSFCZMJNJUJOHSFBDUJPOTPGUIJTUZQF "OUISBRVJOPOFTGPSFYBNQMFEPOPUBQQFBSUPFYQFSJFODF
UIJTQSPCMFNBOETPGBSOPTFSJPVTDPNQMFYJOHJTTVFTIBWFCFFOPCTFSWFEJOUIFTFMBSHFSRVJOPOFT
0 50 100 150 200 250
0
10
20
30
40
50
b
 
 
C
e
l
l
 
P
o
w
e
r
 
D
e
n
s
i
t
y
 
(
m
W
 
c
m
-
2
)
Current Density (mA cm
-2)
High 
Flow
Low Flow
Med. 
Flow
0 50 100 150 200 250
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
 
 
C
e
l
l
 
V
o
l
t
a
g
e
 
(
V
)
Current Density (mA cm
-2)
High Flow
Med. 
Flow
Low Flow
a
'JHVSF 	B
$FMMQPUFOUJBMWT DVSSFOUEFOTJUZGPSBIZESPHFORVJOPOFCBĨFSZVTJOHQTJHIVNJEJ
ėFE) POUIFOFHBUJWFTJEFBOE.QBSBCFO[PRVJOPOFJO/)40 POUIFQPTJUJWFTJEF 1FS
GPSNBODFJTJOEJDBUFEBUUISFFEJĎFSFOURVJOPOFĚPXSBUFT 	C
$FMMQPXFSEFOTJUZWT DVSSFOUEFOTJUZ
GPSUIFTBNFDFMM
OH
OH
O
O
O
O
O
O
H
H
+
'JHVSF 2VJOZESPOFGPSNBUJPO 8IFOQBSBCFO[PRVJOPOFJTSFEVDFEUPIZESPRVJOPOFUIFUXP
GPSNBDPNQMFYDBMMFERVJOIZESPOFXIFSFUIFIZESPHFOTJOUIF0)HSPVQTPOUIFIZESPRVJOPOFBSF
TIBSFEXJUIUIFDBSCPOZMPYZHFOBUPNTPOUIFRVJOPOFGPSNJOHBTUBCJMJ[FESFTPOBODFTUSVDUVSF 2VJO
IZESPOFJTBCMBDLJOTPMVCMFDPNQPVOEUIBUQSFDJQJUBUFTPVUPGTPMVUJPOBOEVMUJNBUFMZDBVTFTUIFDFMMUP
GBJM
 2#'#3ĹňŊŀŉň
"ěFSDPODMVEJOHPVSJOJUJBMTUVEJFTPGUIFIZESPHFORVJOPOFTZTUFNXFCFHBOUFTUJOH
MPXFSQPUFOUJBMRVJOPOFTUPQMBDFPOUIFOFHBUJWFTJEFPGBCBĨFSZBHBJOTUUIF#S#Sm DPVQMFPO
UIFQPTJUJWFTJEF *EFBMMZBRVJOPOFXJUIBSFEPYQPUFOUJBMCFUXFFOBOE7XPVMECFVTFE *U
TIPVMECFBTDMPTFUP7BTQPTTJCMFXIJMFTUJMMFOTVSJOHUIBUIZESPHFOFWPMVUJPOJTNJOJNJ[FE
	CFMPX7IZESPHFOFWPMVUJPOJTUIFSNPEZOBNJDBMMZGBWPSBCMF
 *OHFOFSBM&ƽ,CFO[PRVJOPOF >
&ƽ,OBQIUIPRVJOPOF >&ƽ,BOUISBRVJOPOFNFBOJOHUIBUBOUISBRVJOPOFTBSFMJLFMZUPCFUIFNPTUQSPNJTJOH
DBOEJEBUFTGPSBMPXQPUFOUJBMRVJOPOF
"TDIFNBUJDPGUIF2#'#JTTIPXOJO'JHVSF ĉFQPTJUJWFTJEFSFMJFTPOUIF#S#Sm DPVQMF
BOEUIFOFHBUJWFTJEFPOUIF"2%4"2%4)ƿ DPVQMF *O'JHVSFBBQMPUPGUIFDFMMQPUFOUJBM
WT DVSSFOUEFOTJUZBUėWFEJĎFSFOUTUBUFTPGDIBSHF	40$TNFBTVSFEXJUISFTQFDUUPUIFRVJOPOF
TJEFPGUIFDFMM
JTTIPXO ĉFMJNJUJOHDVSSFOUEFOTJUZJOUIFHBMWBOJDEJSFDUJPOXBT"DN−ƿ JO
UIF40$DBTF "TUIF40$JODSFBTFEGSPNUPUIFPQFODJSDVJUQPUFOUJBMJODSFBTFE
2 H+
2 HBr
Br2
2 e  2 e 
AQDS/
AQDSH2
Electrolyte
Storage
Tank
Porous Carbon Electrodes Proton Exchange Membrane
Pump
AQDS
AQDSH2 HBr/Br2
Electrolyte
Storage
Tank
Pump
Load
(Source)
'JHVSF $FMMTDIFNBUJDPGUIF2#'#%JTDIBSHFNPEFJTTIPXOUIFBSSPXTBSFSFWFSTFEGPSFMFD
USPMZUJDDIBSHFNPEF "2%4)ƿ SFGFSTUPUIFSFEVDFEGPSNPG"2%4
MJOFBSMZGSPN7UP7BTJTTIPXOJO'JHVSFC
'JHVSFTIPXTUIFQPXFSEFOTJUZWT DVSSFOUEFOTJUZGPSUIFDFMMBUUIFTBNFėWF40$T
TIPXOJO'JHVSFB *OUIFHBMWBOJDEJSFDUJPOQFBLQPXFSEFOTJUJFTXFSF8DNƿ BOE
8DNƿ BU40$BOE40$SFTQFDUJWFMZ	'JHVSFB
 7BOBEJVNĚPXCBĨFSJFT
UPPLNBOZZFBSTUPSFBDIUIFQPXFSEFOTJUZQFSGPSNBODFXFIBWFBDIJFWFEIFSF<>
'JHVSFCTIPXTUIFDFMMQFSGPSNBODFJOUIFFMFDUSPMZUJDEJSFDUJPO *OPSEFSUPBWPJETJHOJėDBOU
XBUFSTQMJĨJOHVOEFSUIFTFPYJEJ[JOHDPOEJUJPOTXFVTFEBDVUPĎWPMUBHFPG7BUXIJDIQPJOU
UIFDVSSFOUEFOTJUJFTPCTFSWFEBUBOE40$TXFSF¢"DNƿ BOE¢"DNƿ
SFTQFDUJWFMZXJUIDPSSFTQPOEJOHQPXFSEFOTJUJFTPG¢8DNƿ BOE¢8DNƿ
*O'JHVSFXFSFQPSUUIFSFTVMUTPGJOJUJBMDZDMJOHTUVEJFTGPSUIJTCBĨFSZUPUFTUGPS
DPOTJTUFOUQFSGPSNBODFPWFSMPOHFSUJNFTDBMFT 'JHVSFBTIPXTDZDMJOHEBUBBU±"DNƿ
0 10 20 30 40 50 60 70 80 90 100
0.65
0.70
0.75
0.80
0.85
0.90
0.95
b
 
 
E
q
u
i
l
i
b
r
i
u
m
 
P
o
t
e
n
t
i
a
l
 
(
V
)
State of Charge (%)
E
eq=0.00268*(SOC) + 0.670
R
2=0.998
-2.4 -2.0 -1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2 1.6
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6 a
 
C
e
l
l
 
P
o
t
e
n
t
i
a
l
 
(
V
)
Current Density (A cm
-2)
charge discharge
10% SOC
25%
50% 75% 90%
'JHVSF 	B
$FMMQPUFOUJBMWT DVSSFOUEFOTJUZBUėWFEJĎFSFOUTUBUFTPGDIBSHF	40$T
GPSUIF
2#'#	C
FRVJMJCSJVNQPUFOUJBMWT 40$XJUICFTUėUMJOFTVQFSJNQPTFE
-2.5 -2.0 -1.5 -1.0 -0.5 0.0
-3.5
-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
b
 
 
E
l
e
c
t
r
o
l
y
t
i
c
 
P
o
w
e
r
 
D
e
n
s
i
t
y
 
(
W
 
c
m
-
2
)
Current Density (A cm
-2)
10% SOC
25%
50%
75%
90%
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
a
 
 
G
a
l
v
a
n
i
c
 
P
o
w
e
r
 
D
e
n
s
i
t
y
 
(
W
 
c
m
-
2
)
Current Density (A cm
-2)
10% SOC
25%
50%
75%
90%
'JHVSF 	B
$FMMHBMWBOJDQPXFSEFOTJUZWT DVSSFOUEFOTJUZBUėWFEJĎFSFOU40$T 	C
$FMMFMFD
USPMZUJDQPXFSEFOTJUZWT DVSSFOUEFOTJUZBUUIFTFTBNF40$T
VUJMJ[JOHPGUIFUPUBMDBQBDJUZPGUIFCBĨFSZVTJOHB.RVJOPOFTPMVUJPO ĉFDZDMFTBSF
IJHIMZSFQSPEVDJCMFBOEJOEJDBUFUIBUDVSSFOUFđDJFODJFTGPSUIFCBĨFSZBSFBSPVOE	TFF
&RVBUJPO
 'JHVSFCTIPXTDPOTUBOUDVSSFOUDZDMJOHEBUBDPMMFDUFEBU±"DNƿVTJOH
WPMUBHFDVUPĎTPG7BOE7ĉFTFUFTUTXFSFEPOFVTJOHUIFJEFOUJDBMTPMVUJPOTVTFEJOUIF
CBĨFSZGPS'JHVSFT ĉFHBMWBOJDEJTDIBSHFDBQBDJUZSFUFOUJPO	JF UIFOVNCFSPG
DPVMPNCTFYUSBDUFEJOPOFEJTDIBSHFDZDMFEJWJEFECZUIFOVNCFSPGDPVMPNCTFYUSBDUFEJOUIF
QSFWJPVTEJTDIBSHFDZDMFTFF&RVBUJPO
JTBCPWFJOEJDBUJOHUIFCBĨFSZJTDBQBCMFPG
PQFSBUJOHXJUINJOJNBMDBQBDJUZGBEF 'VMMDIBSBDUFSJ[BUJPOPGUIFDVSSFOUFđDJFODZXJMMSFRVJSF
TMPXFSDZDMJOHFYQFSJNFOUTBOEDIFNJDBMDIBSBDUFSJ[BUJPOPGUIFFMFDUSPMZUFTPMVUJPOTBěFS
FYUFOEFEDZDMJOH
-POHFSDZDMJOHFYQFSJNFOUTXFSFUIFODPOEVDUFEVTJOHBUIJDLFSNFNCSBOF ĉFNPSF
TVCTUBOUJBMNFNCSBOFTIPVMEIBWFUIFFĎFDUPGSFEVDJOHBOZDSPTTPWFSJOUIFCBĨFSZUIFSFCZ
JODSFBTJOHJUTBCJMJUZUPSFUBJODIBSHF "EJBQISBHNQVNQXBTBMTPVTFEPOUIFRVJOPOFTJEFPGUIF
DFMMJOMJFVPGUIFDFOUSJGVHBMQVNQVTFEGPSUIFQSFWJPVTFYQFSJNFOUT "MUIPVHIUIFEJBQISBHN
QVNQTĚPXSBUFJTTJHOJėDBOUMZMPXFSUIBOUIFDFOUSJGVHBMQVNQBOEUIFEJBQISBHNQVNQTĚPX
QVMTFTDPOTJEFSBCMZJUJTBEWBOUBHFPVTUPVTFUIJTQVNQCFDBVTFJUTJOUFSOBMWPMVNFJTFYUSFNFMZ
TNBMMSFMBUJWFUPUIBUPGUIFDFOUSJGVHBMQVNQTPMFTTRVJOPOFFMFDUSPMZUFDBOCFVTFE ĉVTUIF
UPUBMDBQBDJUZPGUIFCBĨFSZJTSFEVDFEUIFSFCZBDDFMFSBUJOHDZDMJOHNFBTVSFNFOUT "DNƿ
FMFDUSPEFXBTVTFEBTXFMMJOPSEFSUPJODSFBTFUIFUPUBMDVSSFOUUIBUDPVMECFESBXOGSPNUIF
CBĨFSZ 'JHVSFTIPXTUIFSFTVMUTPGUIFTFDZDMJOHFYQFSJNFOUT UPUBMDZDMFTBSFTIPXO
(JWFOUIFUJNFTDBMFUIFJOEJWJEVBMDZDMFTBSFEJđDVMUUPEJTDFSOCVUXIFO[PPNFEJO	'JHVSF
C
UIFZDMPTFMZSFTFNCMFUIFDZDMFTTFFOJO'JHVSF /PUFUIFSFNBSLBCMZIJHIDBQBDJUZ
SFUFOUJPOPCTFSWFEPWFSUIJTMBSHFSOVNCFSPGDZDMFT	BWFSBHFSFUFOUJPOQFSDZDMFPS
0 10 20 30 40 50 60 70 80 90 100
0.0
0.3
0.6
0.9
1.2
1.5
1.8 b
C
e
l
l
 
P
o
t
e
n
t
i
a
l
 
(
V
)
Time (hrs)
+/- 0.5 A cm
-2
90
91
92
93
94
95
96
97
98
99
100
 
D
i
s
c
h
a
r
g
e
 
C
a
p
a
c
i
t
y
 
R
e
t
e
n
t
i
o
n
 
(
%
)
99.2% average
0 1 2 3 4 5 6 7 8 9 10
 Cycle Number
0 2 4 6 8 10 12 14 16 18 20
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
a
C
e
l
l
 
P
o
t
e
n
t
i
a
l
 
(
V
)
Time (hrs)
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
70
75
80
85
90
95
100
+/- 0.2 A cm
-2
 
C
u
r
r
e
n
t
 
E
f
f
i
c
i
e
n
c
y
 
(
%
)
 Cycle Number
'JHVSF 	B
$POTUBOUDVSSFOUDZDMJOHBU"DN−ƿ BU ◦$VTJOHB.)#S.#S TPMVUJPO
POUIFQPTJUJWFTJEFBOEB."2%4.)40 TPMVUJPOPOUIFOFHBUJWFTJEFDVSSFOUFđDJFODZ
JT JOEJDBUFEGPSFBDIDPNQMFUFDZDMF 	C
$POTUBOUDVSSFOUDZDMJOHBU"DN−ƿ BU ◦$VTJOHB.
)#S.#S TPMVUJPOPOUIFQPTJUJWFTJEFBOEB."2%4.)40 TPMVUJPOPOUIFOFHBUJWF
TJEF	TBNFTPMVUJPOVTFEJO'JHVSFT
EJTDIBSHFDBQBDJUZSFUFOUJPOJTJOEJDBUFEGPSFBDIDZDMF
SFUFOUJPOPWFSUIFFOUJSFDZDMFT
JOEJDBUJOHUIBUUIFTUBCJMJUZPGUIFRVJOPOFTJT
FYUSFNFMZIJHIBOEUIBUUIFZBSFDBQBCMFPGCFJOHDZDMFEBMBSHFOVNCFSPGUJNFTXJUINJOJNBM
GBEFJOUIFDBQBDJUZǛǨ 'VSUIFSFYQFSJNFOUTBSFTUJMMOFFEFEUPEFUFSNJOFUIFSFBTPOTGPSUIF
SFMBUJWFMZNPEFTUDVSSFOUFđDJFODZPCTFSWFEGPSUIFTFEBUB	POBWFSBHF

-BTUMZJUJTJNQPSUBOUUPOPUFUIBUUIFCBĨFSZJTDBQBCMFPGPQFSBUJOHXJUIBOJEFOUJDBM)#S
FMFDUSPMZUFPOCPUITJEFTPGUIFDFMM ĉJTXPVMETJNQMJGZPQFSBUJPOTPNFXIBUJOUIBUUIFSFXPVME
OPMPOHFSCF)#SPOPOFTJEFBOE)40 POUIFPUIFSTPBOZJTTVFTBTTPDJBUFEXJUITVMGBUFPS
CSPNJEFEJĎVTJPOUISPVHIUIFNFNCSBOFXPVMECFFMJNJOBUFE 'JHVSFEFNPOTUSBUFTUIBU
UIFCBĨFSZDBOCFDZDMFEXJUIDPNQBSBCMFQFSGPSNBODFUPUIBUTFFOJO'JHVSF
 $ŃłķŀŊňĽŃłň
ĉJTDIBQUFSFYQMPSFEUIFVTFPGPSHBOJDDIFNJTUSJFTJOBĚPXCBĨFSZBOEUIFVTFPGRVJOPOFTJO
QBSUJDVMBS *UCFHBOCZMPPLJOHBUUIFFMFDUSPDIFNJDBMQSPQFSUJFTPGTPNFPGUIFTFNPMFDVMFT
IJHIMJHIUJOHUIFJSSFWFSTJCJMJUZGBTULJOFUJDTSFBTPOBCMFEJĎVTJWJUJFTBOEIJHITPMVCJMJUJFT
'PDVTJOHPO"2%43%&EBUBXFSFPCUBJOFEBOE-FWJDIBOE,PVUFDLÝ-FWJDIQMPUTXFSF
HFOFSBUFE ĉJTBMMPXFEGPSUIFDBMDVMBUJPOPGBEJĎVTJPODPFđDJFOUGPS"2%4	%¤−ǃ
DNƿ T−ƾ
BOEJ,UIFDVSSFOUJOUIFBCTFODFPGBOZNBTTUSBOTQPSUFĎFDUT 'SPNUIJTOVNCFSBėU
UPUIF#VUMFS7PMNFSFRVBUJPODBOCFDBMDVMBUFEBOEGSPNUIJTėUUIFUSBOTGFSDPFđDJFOU	һ 

BOESBUFDPOTUBOU	Lƽ ¤−ǀ DNT−ƾ
GPSUIF"2%4"2%4)ƿ SFEPYDPVQMFPOB
ǖǣĉF DBQBDJUZ SFUFOUJPO JT MJLFMZ UP DPNQPVOE PWFS B MBSHF OVNCFS PG DZDMFT TP JU JT BCTPMVUFMZ FTTFOUJBM UIBU UIJT
OVNCFS JT WFSZ DMPTF UP  &WFO XJUI B DBQBDJUZ SFUFOUJPO PG  GPS FYBNQMF UIF CBĨFSZ XJMM IBWF MPTU OFBSMZ
PGJUTDBQBDJUZPWFSDZDMFT ĉJTXPVMEDIBOHFUPB<MPTTJGUIFDBQBDJUZSFUFOUJPODPVMECFJODSFBTFE
UPPSXPVMEJODSFBTFUPPWFSJGUIFSFUFOUJPOGFMMUP
100 102 104 106 108
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
49 50 51 52 53
80
82
84
86
88
90
92
94
96
98
100
b
0 20 40 60 80 100 120 140 160 180 200
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
C
e
l
l
 
P
o
t
e
n
t
i
a
l
 
(
V
)
Time (hrs)
99.99% average
0 20 40 60 80 100
80
82
84
86
88
90
92
94
96
98
100
 Cycle Number
 
D
i
s
c
h
a
r
g
e
 
C
a
p
a
c
i
t
y
 
R
e
t
e
n
t
i
o
n
 
(
%
)
a
C
e
l
l
 
P
o
t
e
n
t
i
a
l
 
(
V
)
 Cycle Number
 
D
i
s
c
h
a
r
g
e
 
C
a
p
a
c
i
t
y
 
R
e
t
e
n
t
i
o
n
 
(
%
)
Time (hrs)
'JHVSF 	B
$POTUBOUDVSSFOUDZDMJOHBU"DN−ƿ BU ◦$VTJOHB.)#S.#S TP
MVUJPOPOUIFQPTJUJWFTJEFBOEB."2%4.)40 TPMVUJPOPOUIFOFHBUJWFTJEFEJTDIBSHF
DBQBDJUZSFUFOUJPOJTJOEJDBUFEGPSFBDIDZDMF ĉFTFEBUBXFSFDPMMFDUFEVTJOHBUIJDLFSNFNCSBOF	
ӄN/BėPO
BOEBMPXFS"2%4WPMVNFUIBOQSFWJPVTDZDMJOHFYQFSJNFOUT 	C
ĉFTBNFEBUBBTJO
	B
CVU[PPNFEJOPOBTNBMMFSUJNFTDBMFUPDMFBSMZTIPXUIFTIBQFPGUIFDIBSHFEJTDIBSHFDVSWFT ĉF
CBĨFSZMPTUPGJUTDBQBDJUZPWFSUIFTFDZDMFT
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
0.0
0.3
0.6
0.9
1.2
1.5
 
 
C
e
l
l
 
P
o
t
e
n
t
i
a
l
 
(
V
)
Time (hrs)
'JHVSF 'MPXCBĨFSZDZDMJOHCFIBWJPSXJUI)#SFMFDUSPMZUFPOCPUITJEFT %BUBDPMMFDUFECZDZ
DMJOHUIFDVSSFOUBU"DN−ƿ BU ◦$VTJOHB.)#S.#S TPMVUJPOPOUIFQPTJUJWFTJEFBOE
B .)#S."2%4TPMVUJPOPOUIFOFHBUJWFTJEFDZDMJOHQFSGPSNBODFJTDPNQBSBCMFUPEBUBJO
'JHVSF
HMBTTZDBSCPOFMFDUSPEFXFSFGPVOE "ěFSUIJTUIFDIBQUFSGPDVTFEPOUIFJNQMFNFOUBUJPOPG
WBSJPVTRVJOPOFTJOBĚPXCBĨFSZ *OJUJBMTUVEJFTPOUIFVTFPGTFWFSBMCFO[PRVJOPOFTXFSFėSTU
SFQPSUFEXJUIQBSBCFO[PRVJOPOFCFJOHUIFNPTUQSPNJTJOH ĉJTDPNQPVOEIPXFWFSXBT
GPVOEUPCFVOTVJUBCMFGPSVTFJOBCBĨFSZQSFTVNBCMZEVFUPJUTQSPQFOTJUZUPDPNQMFYXJUIJUT
SFEVDFEDPVOUFSQBSUBOEGPSNRVJOIZESPOF 'JOBMMZUIFVTFPG"2%4BOEJUTVTFJOB
XFMMGVODUJPOJOHCBĨFSZXBTEFTDSJCFE ĉFCBĨFSZVTFEJOFYQFOTJWFDBSCPOFMFDUSPEFT
DPNCJOJOHUIF"2%4"2%4)ƿ DPVQMFXJUIUIF#S#Sm SFEPYDPVQMFZJFMEJOHBQFBLHBMWBOJD
QPXFSEFOTJUZFYDFFEJOH8DN−ƿ BU"DN−ƿ $ZDMJOHPGUIF2#'#TIPXFE
TUPSBHFDBQBDJUZSFUFOUJPOQFSDZDMF
ĉFPSHBOJDBQQSPBDIEFTDSJCFEJOUIJTDIBQUFSMJCFSBUFTCBĨFSZSFEPYDIFNJTUSZGSPNUIF
DPOTUSBJOUTPGUIFMJNJUFEOVNCFSPGFMFNFOUBMSFEPYDPVQMFTPGUIFQFSJPEJDUBCMF 2VJOPOFT
PĎFSTFWFSBMBEWBOUBHFTPWFSDVSSFOUĚPXCBĨFSZUFDIOPMPHJFTBOEXFCFMJFWFUIBUUIFVTFPG
RVJOPOFTJOCBĨFSJFTSFQSFTFOUTBWFSZQSPNJTJOHEFWFMPQNFOUJOĚPXCBĨFSZ3%
0QUJNJ[BUJPOPGFOHJOFFSJOHBOEPQFSBUJOHQBSBNFUFSTTVDIBTUIFĚPXėFMEHFPNFUSZFMFDUSPEF
EFTJHONFNCSBOFTFQBSBUPSBOEUFNQFSBUVSFãXIJDIIBWFOPUZFUFWFOCFHVOãTIPVMEMFBE
UPFWFONPSFTJHOJėDBOUQFSGPSNBODFJNQSPWFNFOUTJOUIFGVUVSF
/PX UIJT JT OPU UIF FOE *U JT OPU FWFO UIF CFHJOOJOH PG UIF
FOE #VU JU JT QFSIBQT UIF FOEPG UIF CFHJOOJOH
8JOTUPO$IVSDIJMM
6
$PODMVTJPOTBOE'VUVSF%JSFDUJPOT
5ļĽňĸĽňňĹŇŉĵŉĽŃłFYQMPSFETFWFSBMEJĎFSFOUDIFNJTUSJFTBOENBUFSJBMTGPSBQQMJDBUJPOTJO
HSJETDBMFFOFSHZTUPSBHF $IBQUFSEFUBJMFEUIFEFWFMPQNFOUPGBIJHIQFSGPSNBODF
IZESPHFODIMPSJOFSFHFOFSBUJWFGVFMDFMM $IBQUFSFYQMPSFEUIFVTFPGBOVNCFSPGEJĎFSFOU
PYJEFBMMPZTBTFĎFDUJWFDIMPSJOFSFEPYDBUBMZTUTEFUFSNJOJOHUIBUSVUIFOJVNDPCBMUPYJEFBMMPZT
BSFQBSUJDVMBSMZQSPNJTJOH $IBQUFSEFMWFEJOUPBQFSGPSNBODFNPEFMPGBIZESPHFOCSPNJOF
ĚPXCBĨFSZEFUBJMJOHUIFFĎFDUTPGWBSJPVTPQFSBUJOHDPOEJUJPOTBOEDFMMQBSBNFUFSTPOUIF
QFSGPSNBODFBOEFđDJFODZPGUIFEFWJDF $IBQUFSGPDVTFEPOUIFVTFPGRVJOPOFTJOBCBĨFSZ
EFNPOTUSBUJOHTPNFPGUIFEFTJSBCMFQSPQFSUJFTRVJOPOFTIBWF
*OBEEJUJPOUPTPNFGVUVSFFYQFSJNFOUTTVHHFTUFEXJUIJOUIFDIBQUFSTUIFNTFMWFTUIFSFJTB
OVNCFSPGFYQFSJNFOUTUIBUDPVMECFEPOFJOUIFGVUVSFUPGVSUIFSFMVDJEBUFUIFSFTVMUTQSFTFOUFE
IFSF #PUIUIFDIMPSJOFCBTFEBOERVJOPOFCBTFEEFWJDFTXPVMEHSFBUMZCFOFėUGSPNFYUFOTJWF
NPEFMJOHPGUIFĚVJEEZOBNJDTPDDVSSJOHJOUIFĚPXQMBUFTBOEXJUIJOUIFFMFDUSPEFTUIFNTFMWFT
ĉJTDPVMEMFBEUPJNQSPWFEDFMMBSDIJUFDUVSFTUIBUXPVMETJHOJėDBOUMZCPPTUQFSGPSNBODF
'PSUIFPYJEFBMMPZXPSLUFTUJOHBMBSHFSOVNCFSPGBMMPZTXPVMEPGDPVSTFCFCFOFėDJBM
'VSUIFSNPSFJGBQSPDFTTDPVMECFEFWFMPQFEGPSEFQPTJUJOHUIJOTNPPUIėMNTPGUIFTFWBSJPVT
BMMPZTUIFSFTVMUTJOUIJTXPSLDPVMECFTJHOJėDBOUMZSFėOFEUPFMJNJOBUFTVSGBDFBSFBFĎFDUTUIBU
DPVMESFTJEFJOUIFEBUB 'VSUIFSTUBCJMJUZUFTUTXPVMEFOIBODFUIFXPSLBTXFMMQSPWJEJOHGVSUIFS
FWJEFODFUIBUUIFTFNBUFSJBMTBSFDBQBCMFPGFYDFMMFOUQFSGPSNBODFPWFSFYUFOEFEUJNFQFSJPET
ĉJTXPSLDPVMEBMTPCFOFėUGSPNNPSFFYUFOTJWFDIFNJDBMBOBMZTFTJOBOBĨFNQUUPEFUFSNJOF
UIFSVUIFOJVNDPODFOUSBUJPOBTBGVODUJPOPGEFQUIJOUPUIFDSZTUBMTBTTVSGBDFBSFBFOSJDINFOU
DPVMEDPNQMJDBUFUIFSFTVMUTQSFTFOUFEIFSF
'PSUIFIZESPHFOCSPNJOFNPEFMJOHXPSLJODMVTJPOPGQPSPVTFMFDUSPEFUIFPSZXPVMEMJLFMZ
SFėOFUIFNBTTUSBOTQPSUCFIBWJPSPGUIFNPEFMBOEBMMPXJUUPNPSFBDDVSBUFMZQSFEJDU
FYQFSJNFOUBMDFMMQFSGPSNBODF 'VSUIFSNPSFJODMVTJPOPGFMFDUSPPTNPUJDESBHBOEDSPTTPWFS
XPVMEBMMPXGPSNPSFOVBODFEPVUQVUTGSPNUIFNPEFM
3FHBSEJOHUIFRVJOPOFXPSLUIFNPTUPCWJPVTBEWBODFJTUPUFTUBMBSHFSBOEMBSHFSTFUPG
NPMFDVMFTJOCPUIIBMGDFMMBOEGVMMDFMMFYQFSJNFOUT -POHFSDZDMJOHFYQFSJNFOUTBSFBMTPOFFEFE
*OEFQUIDIFNJDBMBOBMZTFTPGUIFRVJOPOFFMFDUSPMZUFBTBGVODUJPOPGDZDMFUJNFXPVMEHSFBUMZ
JODSFBTFPVSVOEFSTUBOEJOHPGUIFMJGFUJNFPGUIFRVJOPOFNPMFDVMFTBOEPGPUIFSQBSJTJUJDMPTTFT
JOUIFDFMM 'VSUIFSNPSFUIFEFWFMPQNFOUPGBIJHIQPUFOUJBMRVJOPOFXPVMESFQSFTFOUBIVHF
BEWBODFJOUIJTėFME ĉFSFBSFBMTPMJLFMZJOUFSFTUJOHPQQPSUVOJUJFTGPSEFWFMPQJOHTPMJERVJOPOF
DPNQPTJUFFMFDUSPEFTBOEQBJSJOHUIFTFXJUIPOFPGNBOZPUIFSQPTTJCMFDIFNJTUSJFT	PUIFS
RVJOPOFTMFBEFUD

&OFSHZTUPSBHFJTBOFYDJUJOHBOESBQJEMZEFWFMPQJOHėFME 8JUIBIVHFOVNCFSPGQPUFOUJBMMZ
USBOTGPSNBUJWFBQQMJDBUJPOTGPSTUPSBHFUFDIOPMPHJFT*IPQFUIJTEJTTFSUBUJPOTFSWFTBTBTNBMMCVU
NFBOJOHGVMBEWBODFNFOUJOUIJTTQBDF
A
.BUMBC$PEFGPS$IBQUFS
ĉFGPMMPXJOHDPOUBJOTUIF.BUMBCDPEFVTFEUPQSPEVDFUIFSFTVMUTTFFOJO$IBQUFS
.PEFMJOHUIF)ZESPHFO#SPNJOF3FHFOFSBUJWF'VFM$FMM "OVNCFSPGMJOFTPGDPEFBSF
DPNNFOUFEPVU 4PNFPGUIFTFMJOFTDPOTJTUPGQSPTFNFBOUUPFYQMBJOUIFQVSQPTFPGQBSUJDVMBS
QJFDFTPGDPEFCVUPUIFSTBSFDPNNFOUFEPVUCFDBVTFUIFQSPHSBNBTJUJTXSJĨFOJTOPUDBQBCMF
PGQSPEVDJOHFWFSZQMPUJO$IBQUFSCZSVOOJOHUIFDPEFPODF 3BUIFSUIFQSPHSBNTIPVMECF
SVOXJUIDFSUBJOJOQVUTUPHFUUIFEFTJSFEPVUQVUTXIJMFDPNNFOUJOHPVUPUIFSMJOFTUIBUXPVME
DPOĚJDUXJUIUIJT 'PSFYBNQMFUIFMJOFi5MJOMJOTQBDF	
uDSFBUFTBWFDUPSDBMMFE5MJOUIBU
DPOUBJOTFOUSJFTFWFOMZTQBDFECFUXFFOUIFWBMVFTPGBOE ĉFGPMMPXJOHMJOFi5MJOu
XPVMEFSBTFUIJTWFDUPSBOESFBTTJHO5MJOUIFTJOHMFWBMVFPG ĉVTJGZPVXBOUUPSVOUIFDPEF
BUBWBSJFUZPGUFNQFSBUVSFTUIJTTFDPOEMJOFNVTUCFDPNNFOUFEPVU ĉFSFBSFBMTPTJHOJėDBOU
QJFDFTPGMFHBDZDPEFUIBUXFSFOPUVTFEUPHFOFSBUFUIFQMPUTJO$IBQUFSCVUTUJMMDPVMECF
VTFGVMBUTPNFQPJOUEPXOUIFMJOFOPOFUIFMFTT ĉFTFQJFDFTDBOPGDPVSTFCFJHOPSFEXJUIPVU
BĎFDUJOHUIFPVUQVUPGUIFNPEFM
 DMFBS BMM
 1IZTJDBM DPOTUBOUT
 3  JEFBM HBT DPOTUBOU < + 	NPM,
>
 ' 'BSBEBZ  T DPOTUBOU <$NPM@F−>
 01&3"5*/( 1"3".&5&34
 5MJO  MJOTQBDF	
 UFNQFSBUVSF 	$

 5MJO
 .@)#S  M J O T Q B D F 	   
 .PMBSJUZ <NPM->
 .@)#S  
 .@#S  .@)#S
 KMJOMJOTQBDF	−
 DVSSFOU EFOTJUZ <N"DN?>
 PWFSQPUFOUJBM@NFTI@TJ[F   TFUT TJ[F PG FUB@B)@MJO BOE FUB@#7@MJO
 &/(*/&&3*/( 1"3".&5&34
 Q@)   IZESPHFO QBSUJBM QSFTTVSF <BUN>
 K@@#S   K@@#SUIF FYDIBOHF DVSSFOU EFOTJUZ PG UIF
  #S FMFDUSPEF<N"DN?>
 K@@)   K@@)UIF FYDIBOHF DVSSFOU EFOTJUZ PG UIF )
  FMFDUSPEF<N"DN?>
 FQTJMPOF− FMFDUSPEF UIJDLOFTT EJGGVTJPO MBZFS UIJDLOFTT <DN>
 -          UIJDLOFTT PG UIF /BGJPO NFNCSBOF <DN>
  −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
 &26*-*#3*6. 105&/5*"-
  5IF FRVJMJSJVN QPUFOUJBM &@FR JT B GVODUJPO PG TFWFSBM EJGGFSFOU
  WBSJBCMFT  XIJDI XJMM CF EFBMU XJUI JO B OVNCFS PG EJGGFSFOU TUFQT IFSF
  /PUF UIBU &@FR JT */%&1&/%&/5 PG UIF DVSSFOU EFOTJUZ K
 9 SFQSFTFOUT UIF XFJHIU GSBDUJPO PG )#S JO UIF FMFDUSPMZUF 5IJT JT B
 GVODUJPO PG UIF )#S NPMBSJUZ 	 JU TIPVME CF B GVODUJPO PG UIF #S NPMBSJUZ
 BT XFMM  CVU :FP BOE $IJO BTTVNF UIJT JT 

 8F MM OFFE UP DBMDVMBUF UIF XFJHIU GSBDUJPO 9 BT B GVODUJPO PG UIFTF
 WBSJBCMFT
 .8@)#S        .8 PG )#S <HNPM>
 .8@#S      .8 PG #S <HNPM>
 8F OFFE UP LOPX UIF EFOTJUZ PG )#S BT B GVODUJPO PG 5 BOE .@)#S
 QIJ  [FSPT	MFOHUI	5MJO
 MFOHUI	KMJO 
 MFOHUI	.@)#S


 <5@NFTI K@NFTI  .@)#S@NFTI>OEHSJE	5MJO  KMJO  .@)#S

 .@#S@NFTI  .@)#S@NFTI
 'JUUJOH QBSBNFUFST BOE FRVBUJPO BSF GSPN u %FOTJUJFT PG #JOBSZ "RVFPVT
 4PMVUJPOT PG  *OPSHBOJD 4VCTUBODFTu CZ 1 /PWPUOZ BOE 0 4PIOFM  +
 $IFN BOE &OH %BUB  WPM  OP  
 EFOTJUZ PG QVSF XBUFS 	LHN?

 SIP@)0    5@NFTI − 5@NFTI?	

 'JUUJOH QBSBNFUFST TQFDJGJD UP )#S
 "         ?  
 #     	 −

 $          
 %      	 −

 &@   
 '@   	−

 &RVBUJPO GPS UIF EFOTJUZ PG )#S
 EFOTJUZ@PG@)#S  SIP@)0  ".@)#S@NFTI  #.@)#S@NFTI 
 5@NFTI  $.@)#S@NFTI	5@NFTI?
  %.@)#S@NFTI?	
  
 &@	.@)#S@NFTI?	

  5@NFTI  
 '@	.@)#S@NFTI?	

  	5@NFTI?
 <LHN>
 /PX XF DBO DBMDVMBUF UIF XFJHIU GSBDUJPO PG )#S
 9. 8 @ ) # S  . @ ) # S @ N F T I   	 E F O T J U Z @ P G @ ) # S  ? 	 −


 /PX XF OFFE UP EFGJOF QIJ BDDPSEJOH UP :FP BOE $IJO
 GPS L	MFOHUI	5MJO
MFOHUI	KMJO
MFOHUI	. @ ) # S


 JG 		  9	L

  	9	L
  


 QIJ	L
  −MPH	9	L
	−9	L



 FOE

 JG 		  9	L

  	9	L
  


 QIJ	L
  −MPH	9	L
	−9	L



 FOE

 JG 		  9	L

  	9	L
  


 QIJ	L
  −MPH	9	L
	−9	L



 FOE
 FOE
 DPNQVUF UIF NPMBMJUZ PG UIF TPMVUJPO VTJOH FRO  JO 3VHPMP + &$4
 N     . @ ) # S @ N F T I   	 E F O T J U Z @ P G @ ) # S −.8@)#S.@)#S@NFTI 
 
 /PX XF OFFE UP DPNQVUF BDUJWJUZ DPFGGJDJFOUT GPS )#S %BUB JT
 GSPN 5BCMF  JO 'BJUB  + $IFN &OH %BUB  
  308  JO HBNNB EBUB CFMPX JT GSPN JOUFSQPMBUJPO GSPN $3$ EBUB 	NFBO
 BDUJWJUZ DPFGGJDJFOUT PG FMFDUSPMZUFT BT B GVODUJPO PG DPODFOUSBUJPO

 * VTFE UIF EBUBQPJOU GPS  NPMLH )#S 	
 BOE UIFO JOUFSQPMBUFE UIJT
 MJOFBSMZ JO UFNQ CBTFE PO UIF GBDU UIBU  BU  NPMLH )#S UIF BDUJWJUZ
 DPFGGJDJFOU DIBOHFT  GSPN  $ UP  $
 NPMBMJUZ@HBNNB  <
 
 
 
 
 
 
 
 
 
 
 
 >
 UFNQ@HBNNB  <        >
 HBNNB <
          
         
         
         
         
         
         
         
         
         
         
         
         >
 HBNNB  HBNNB  
 <UFNQ@HBNNB@NFTINPMBMJUZ@HBNNB@NFTI>  
 OEHSJE	UFNQ@HBNNBNPMBMJUZ@HBNNB

 N  SFTIBQF	N MFOHUI	.@)#S


 5@NFTI  SFTIBQF	5@NFTIMFOHUI	.@)#S


 9SFTIBQF	9MFOHUI	.@)#S


 QIJSFTIBQF	QIJ MFOHUI	.@)#S


 .@#S@NFTISFTIBQF	.@#S@NFTIMFOHUI	.@)#S


 .@)#S@NFTISFTIBQF	.@)#S@NFTIMFOHUI	.@)#S


 JOUFSQPMBUFE@HBNNB  HSJEEBUB	NPMBMJUZ@HBNNB@NFTI  
 UFNQ@HBNNB@NFTI HBNNBN 5@NFTI

 /PX XF DBO EFGJOF UIF FRVJMJCSJVN QPUFOUJBM
 &@FR@ZFP  QIJ−	5@NFTI−
 	   MPH 	  9	−9


?	−
 
 ?	−
	5@NFTI
 	MPH	Q@)
MPH	.@#S@NFTI


  5IF BCPWF FRVBUJPO BTTVNFT BO BDUJWJUZ DPFGGJDJFOU PG  GPS 
 IZESPHFO BOE CSPNJOF
 5IF UISFF MJOFT CFMPX NVTU CF VO−DPNNFOUFE GPS UIF GJHVSF
 HFOFSBUJPO UP XPSL
  &@FR  SFTIBQF	&@FR  MFOHUI	 5MJO
MFOHUI	.@)#S


  5@NFTI@SFEVDFE  SFTIBQF	5@NFTI  MFOHUI	 5MJO
MFOHUI	.@)#S


  .@)#S@NFTI@SFEVDFE  SFTIBQF	.@)#S@NFTI MFOHUI	 5MJO

 MFOHUI	.@)#S


 &@FR@JEFBM  −	5@NFTI
  
 35@NFTI	'
 MPH	Q@).@#S@NFTI	.@)#S@NFTI?


  −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
 .&.#3"/& 3&4*45"/$& 07&3105&/5*"-
 $BMDVMBUJOH UIF /BGJPO .FNCSBOF 3FTJTUBODF BT B GVODUJPO PG .PMBSJUZ 
 5FNQFSBUVSF  BOE $VSSFOU %FOTJUZ
 %FGJOJOH TJHNB SFRVJSFT BO FNQJSJDBM GJU UIBU EFQFOET PO . BOE 5
 5@NFTI  [FSPT	MFOHUI	5MJO 
  MFOHUI	 KMJO 
  MFOHUI	.@)#S


 K@NFTI  [FSPT	MFOHUI	5MJO
 MFOHUI	 KMJO 
 MFOHUI	.@)#S


 .@)#S@NFTI  [FSPT 	 MFOHUI 	 5MJO 
  MFOHUI 	 K M J O 
  MFOHUI 	.@)#S


 <5@NFTI K@NFTI  .@)#S@NFTI>OEHSJE	5MJO  KMJO  .@)#S

 */5&310-"5*0/ */ ."5-"#
 %BUB JT GSPN #BMEXJO 	
 BOE 4POF 	
 GPS UIF  . EBUB QPJOU
 NPMBSJUZ@#BMEXJO  <     >
 &@B  <      >
 "@  <        >
 UFNQFSBUVSF@GJU  
 <UFNQFSBUVSF@GJU@NFTI  NPMBSJUZ@GJU@NFTI>  
 OEHSJE	UFNQFSBUVSF@GJU NPMBSJUZ@#BMEXJO

 TJHNB@GJU@  "@	
FYQ	−&@B	
 
 		UFNQFSBUVSF@GJU

?	−


 TJHNB@GJU@  "@	
FYQ	−&@B	
 
 		UFNQFSBUVSF@GJU

?	−


 TJHNB@GJU@  "@	
FYQ	−&@B	
 
 		UFNQFSBUVSF@GJU

?	−


 TJHNB@GJU@  "@	
FYQ	−&@B	
 
 		UFNQFSBUVSF@GJU

?	−


 TJHNB@GJU@  "@	
FYQ	−&@B	
 
 		UFNQFSBUVSF@GJU

?	−


 TJHNB@GJU@  "@	
FYQ	−&@B	
 
 		UFNQFSBUVSF@GJU

?	−


 TJHNB@GJU@DPNQ  <TJHNB@GJU@ TJHNB@GJU@ TJHNB@GJU@ 
 TJHNB@GJU@ TJHNB@GJU@ TJHNB@GJU@>
 TJHNB@JOUFSQ@DPNQ  JOUFSQ	UFNQFSBUVSF@GJU NPMBSJUZ@#BMEXJO  
 TJHNB@GJU@DPNQ 5@NFTI.@)#S@NFTI  TQMJOF  

 TJHNB@JOUFSQ@DPNQ@SFEVDFE  
 SFTIBQF	TJHNB@JOUFSQ@DPNQ	  
 MFOHUI	5MJO
MFOHUI	.@)#S


 5P QMPU DPOEVDUJWJUZ
 TVSG	.@)#S@NFTI 5@NFTI  TJHNB@JOUFSQ@DPNQ@SFEVDFE

 -BTUMZ  DBMDVMBUJOH UIF SFTJTUJWF PWFSQPUFOUJBM
 FUB@3  −	-	 TJHNB@JOUFSQ@DPNQ?	−

 K@NFTI
  
  −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
 ):%30(&/ "$5*7"5*0/ 07&3105&/5*"-
 $BMDVMBUJOH UIF ) "DUJWBUJPO 0WFSQPUFOUJBM BT B 'VODUJPO PG 5FNQFSBUVSF
 5IF IZESPHFO BDUJWBUJPO PWFSQPUFOUJBM JT */%&1&/%&/5 PG NPMBSJUZ
 BMG@)   USBOTGFS DPFGGJDJFOU PG ) FMFDUSPEF < EJNFOTJPOMFTT>
 FUB@B)@MJOMJOTQBDF	−NBY	NBY	NBY	&@FR@ZFP


  
 NBY	NBY	NBY	&@FR@ZFP


  PWFSQPUFOUJBM@NFTI@TJ[F 

 IZESPHFO BDUJWBUJPO PWFSQPUFOUJBM <N7>
 <5@NFTI K@NFTI  FUB@B)@NFTI  .@)#S@NFTI> 
 OEHSJE	5MJO  KMJO  FUB@B)@MJO .@)#S

 G'  	 	 	 5 @ N F T I        
   3 
  ? 	 −

 VTFGVM QBSBNFUFS <7>
 $PNQVUJOH FUB@B#S TJODF UIF #VUMFS−7PMNFS FRVBUJPO JT BO JNQMJDJU
 FYQSFTTJPO GPS FUB@B#S  IFSF XF VTF B NJOJNJ[BUJPO UP OVNFSJDBMMZ
 EFUFSNJOF XIJDI FUB@B#S CFTU TBUJTGJFT UIF #VUMFS−7PMNFS FRVBUJPO GPS B
 HJWFO DVSSFOU EFOTJUZ
 SFTVMU  K@NFTI − K@@)	FYQ	−BMG@) G FUB@B)@NFTI
− 
 FYQ		−BMG@)
 G FUB@B)@NFTI

 5IF #VUMFS−7PMNFS &RVBUJPO
 SFTVMUBCT	SFTVMU
 UBLJOH UIF BCTPMVUF WBMVF PG UIF u SFTVMUu NBUSJY 
 TP XF DBO EP NJOJNJ[BUJPOT
 <BOTXFSJOEFY0G;FSPJO3FTVMU.BUSJY>NJO	SFTVMU <>

 FUB@B) FUB@B)@MJO	JOEFY0G;FSPJO3FTVMU.BUSJY 

 FUB@B)  SFTIBQF	FUB@B)  MFOHUI	5MJO
MFOHUI	 KMJO 
MFOHUI	.@)#S


  −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
 ."44 53"/41035 07&3105&/5*"-
  $BMDVMBUJOH UIF .BTT 5SBOTQPSU 0WFSQPUFOJBM BU UIF #SPNJOF
 &MFDUSPEF BT B 'VODUJPO PG 5FNQFSBUVSF  .PMBSJUZ  BOE $VSSFOU %FOTJUZ
 FUB@#7@MJOMJOTQBDF	−NBY	NBY	NBY	&@FR@ZFP


  
 NBY	NBY	NBY	&@FR@ZFP


  PWFSQPUFOUJBM@NFTI@TJ[F 

 PWFSQPUFOUJBM GSPN #VUMFS−7PMNFS FRVBUJPO BDDPVOUJOH GPS
 DPODFOUSBUJPO FGGFDUT
 BMG@#S  
 <5@NFTI K@NFTI  FUB@#7@NFTI  .@)#S@NFTI> 
 OEHSJE	5MJO  KMJO  FUB@#7@MJO .@)#S
 EFGJOFT B −% NBUSJY GPS WBSJBCMFT
 FUB@B#S@NFTIFUB@#7@NFTI EFGJOJOH BO PWFSQPUFOUJBM SFHJNF GPS UIF
 CSPNJOF BDUJWBUJPO PWFSQPUFOUJBM
 .@#S@NFTI  .@)#S@NFTI
 FUB@B#S@MJO  FUB@#7@MJO
 5IF GPMMPXJOH MJOF DBMDVMBUFT UIF WJTDPTJUZ PG QVSF XBUFS BT B GVODUJPO PG
 UFNQ VTJOH FRO  JO -BMJCFSUF 
 WJTDPTJUZ@)0  	5@NFTI
		5@NFTI 
 
 5@NFTI 

 %@#S  ?	−
?	5@NFTI
 
 	WJTDPTJUZ@)0?	
?	


 %JGGVTJPO DPFGGJDJFOU <DNT > GJU JT FR  3FEEZ 
 $@PY  .@#S@NFTI − 	K@NFTIFQTJMPO

 	'%@#S
 DPOD PG PYJEBOU BU FMFDUSPEF TVSGBDF <NPMDN>
 5IF GPMMPXJOH GPS MPPQ FOTVSFT UIBU OP OFHBUJWF WBMVFT PG $@PY BSJTF 	 UIBU
  JT  $@PY DBO POMZ HP BT MPX BT [FSP  BOE UIJT MPPQ UBLFT BOZ OFHBUJWF
  WBMVFT JO $@PY BOE DIBOHFT UIFN UP [FSP

 GPS LMFOHUI	5MJO
MFOHUI	KMJO
MFOHUI	FUB@#7@MJO
MFOHUI	. @ ) # S

 JG $@PY	L
  
 $@PY	L
  
 FOE
 FOE
 %FUFSNJOJOH UIF DPODFOUSBUJPO PG $M− OFBS UIF FMFDUSPEF
  $@SFE@FR  .@NFTI FRVJMJCSJVN DPODFOUSBUJPO PG
 SFEVDFE TQFDJFT JO CVML TPMVUJPO <NPMDN>
 %@#S  ?	−
?	5@NFTI
 
 	WJTDPTJUZ@)0?	
?	


 %JGGVTJPO DPFGGJDJFOU <DNT > GJU JT FR  3FEEZ 
 $@SFE  .@)#S@NFTI  	K@NFTIFQTJMPO
 	'%@#S

 DPODFOUSBUJPO PG SFEVDFE TQFDJFT BU UIF FMFDUSPEF TVSGBDF <NPMDN>
 G'  	 	 	 5 @ N F T I        
   3 
  ? 	 −

 VTFGVM QBSBNFUFS <7>
 $PNQVUJOH FUB@#7 TJODF UIF #VUMFS−7PMNFS FRVBUJPO JT BO JNQMJDJU
 FYQSFTTJPO GPS FUB@B#S  IFSF XF VTF B NJOJNJ[BUJPO UP OVNFSJDBMMZ
 EFUFSNJOF XIJDI FUB@B#S CFTU TBUJTGJFT UIF #VUMFS−7PMNFS FRVBUJPO GPS B
 HJWFO DVSSFOU EFOTJUZ
 FUB@#7 JT UIF $0/$&/53"5*0/−%&1&/%&/5 #VUMFS−7PMNFS &RVBUJPO
 SFTVMU@#7  K@NFTI − K@@#S		$@PY	.@#S@NFTI

 
 FYQ	−BMG@#SGFUB@#7@NFTI
−	$@SFE	.@)#S@NFTI

 
 FYQ		−BMG@#S
GFUB@#7@NFTI


 5IF DPODFOUSBUJPO−EFQFOEFOU #VUMFS−7PMNFS &RVBUJPO
 SFTVMU@#7BCT	SFTVMU@#7
 UBLJOH UIF BCTPMVUF WBMVF PG UIF u SFTVMUu 
 NBUSJY  TP XF DBO EP NJOJNJ[BUJPOT
 <BOTXFS@#7JOEFY0G;FSPJO3FTVMU.BUSJY@#7>NJO	SFTVMU@#7 <> 

 FUB@#7  FUB@#7@MJO	JOEFY0G;FSPJO3FTVMU.BUSJY@#7 

 FUB@#7  SFTIBQF	FUB@#7  MFOHUI	5MJO
MFOHUI	 KMJO 
MFOHUI	.@)#S


 5IF GPMMPXJOH GPS MPPQ FOTVSFT UIBU UIF USVF MJNJUJOH DVSSFOU EFOTJUZ
 BQQFBST PO UIF QMPU 5IJT JT EJGGJDVMU UP EFTDSJCFDPNNFOU PVU UIJT MPPQ
 BOE SF−SVO UIJT QSPHSBN UP TFF UIF FGGFDU UIBU JU IBT *U FGGFDUJWFMZ
 FMJNJOBUFT BO BSUJGJDJBM u TIFMGu UIBU BSJTFT CFDBVTF UIF QPTTJCMF SBOHF PG
 FUB@#7 JT MJNJUFE CZ IPX POF EFGJOFT FUB@#7@MJO BCPWF
 GPS L	MFOHUI	KMJO
MFOHUI	. @ ) # S
MFOHUI	5MJO


 JG FUB@#7	L
  −	NBY	NBY	NBY	&@FR@ZFP




 FUB@#7	L
  −
 FOE
 FOE
 $PNQVUJOH FUB@B#S TJODF UIF #VUMFS−7PMNFS FRVBUJPO JT BO JNQMJDJU
 FYQSFTTJPO GPS FUB@B#S  IFSF XF VTF B NJOJNJ[BUJPO UP OVNFSJDBMMZ
 EFUFSNJOF XIJDI FUB@B#S CFTU TBUJTGJFT UIF #VUMFS−7PMNFS FRVBUJPO GPS B
 HJWFO DVSSFOU EFOTJUZ
 SFTVMU@B#S  K@NFTI − K@@#S	FYQ	−BMG@#SGFUB@B#S@NFTI
− 
 FYQ		−BMG@#S
GFUB@B#S@NFTI


 BCT@SFTVMU@B#SBCT	SFTVMU@B#S
 5IF #VUMFS−7PMNFS &RVBUJPO
 <BOTXFS@B#SJOEFY0G;FSPJO3FTVMU.BUSJY@B#S>NJO	BCT@SFTVMU@B#S <>

 FUB@B#S  FUB@B#S@MJO	JOEFY0G;FSPJO3FTVMU.BUSJY@B#S

 FUB@B#S  SFTIBQF	FUB@B#S MFOHUI	5MJO
MFOHUI	KMJO 
MFOHUI	.@)#S


 $PNQVUJOH FUB@.5  XIFSF FUB@.5 JT EFGJOFE BT UIF EJGGFSFODF
 CFUXFFO UIF DPODFOUSBUJPO−EFQFOEFOU BOE DPODFOUSBUJPO−JOEFQFOEFOU
 #VUMFS−7PMNFS FRVBUJPOT
 FUB@.5  	FUB@#7−FUB@B#S

  −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
 5)& .0%&-
 & & @ F R @ Z F P F U B @ 3 F U B @ B # SF U B @ B )F U B @ . 5 
 108&3 $"-$6-"5*0/4
 QC T Y G V O 	 ! U J N F T  &  K M J O 
 QPXFS EFOTJUZ PG UIF DFMM <N8DN>
 SPX@NBY  NBY	Q<> 
 DPNQVUFT NBY QPXFS JO  TU EJNFOTJPO
 DPMVNO@NBY  NBY	SPX@NBY <> 
 DPNQVUFT NBY QPXFS JO OE EJN
 EFQUI@NBY  NBY	DPMVNO@NBY <> 
 DPNQVUFT NBY QPXFS JO SE EJN
 <SPXDPM>GJOE	QNBY	EFQUI@NBY

 GJOET UIF SPX BOE DPMVNO XIFSF UIF 
 NBY QPXFS BDUVBMMZ PDDVST
 .BY@QPXFS@NBY	Q<> 
 DPNQVUFT B NBY QPXFS JO UIF DVSSFOU EFOTJUZ
 EJNFOTJPO 	VTFE GPS QMPUUJOH QVSQPTFT

 .BY@QPXFS@SFTIBQF	.BY@QPXFS@  MFOHUI	5MJO 
 MFOHUI	.@)#S


 VTFE GPS QMPUUJOH QVSQPTFT
 <.@QMPUUFNQ@QMPU>NFTIHSJE	.@)#S5MJO
 VTFE GPS QMPUUJOH QVSQPTFT
 SPX@NJO  NBY	Q<> 
 DPNQVUFT NBY QPXFS JO KMJO EJNFOTJPO
 DPMVNO@NJO  NJO	SPX@NJO <> 
 DPNQVUFT NJO QPXFS JO UFNQ
 EFQUI@NJO  NJO	DPMVNO@NJO <> 
 DPNQVUFT NJO QPXFS JO DPOD
 <SPXDPM>GJOE	QNJO	EFQUI@NJO


 GJOET UIF SPX BOE DPMVNO XIFSF UIF NBY QPXFS BDUVBMMZ PDDVST
  −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
  '*(63& (&/&3"5*0/
  GJHVSF	

  TVSGD	UFNQ@QMPU  .@QMPU  .BY@QPXFS@

  YMBCFM	5FNQFSBUVSF <$>

  YMJN	< >

  ZMBCFM	$PODFOUSBUJPO <NPM->

  ZMJN	<  >

  [MBCFM	.BYJNVN 1PXFS %FOTJUZ <N8DN?>

  TFU	 GJHVSF	
DPMPS XIJUF 

  UJUMF	.BYJNVN 1PXFS %FOTJUZ BT B GVODUJPO PG .PMBSJUZ BOE 5FNQFSBUVSF 

  GJHVSF	

  QMPU	 KMJO &	SPX 
L KMJO  &@FR	SPX 
KMJO  FUB@3	SPX 
S 
 KMJO  FUB@B$M	SPX 
H KMJO  FUB@B)	SPX 
Z KMJO  FUB@.5	SPX 
D 

  MFHFOE	0WFSBMM $FMM 1PUFOUJBM &RVJMJCSJVN $FMM 1PUFOUJBM 
  0INJD 0WFSQPUFOUJBM $IMPSJOF "DUJWBUJPO 0WFSQPUFOUJBM 
   )ZESPHFO "DUJWBUJPO 0WFSQPUFOUJBM .BTT 5SBOTQPSU 0WFSQPUFOUJBM 

  YMBCFM	$VSSFOU %FOTJUZ 	N"DN?


  ZMBCFM	1PUFOUJBM 	7


  UJUMF	'VFM $FMM -PTTFT OFBS 0QUJNVN $POEJUJPOT 

  ZMJN	<−  >

  YMJN	< >

  GJHVSF	

  QMPU	 KMJO &	
L KMJO  &@FR	
KMJO  FUB@3	
S KMJO  
  FUB@B$M	
H KMJO  FUB@B)	
Z KMJO  FUB@.5	
D 

  MFHFOE	0WFSBMM $FMM 1PUFOUJBM &RVJMJCSJVN $FMM 1PUFOUJBM 
  0INJD 0WFSQPUFOUJBM $IMPSJOF "DUJWBUJPO 0WFSQPUFOUJBM 
   )ZESPHFO "DUJWBUJPO 0WFSQPUFOUJBM .BTT 5SBOTQPSU 0WFSQPUFOUJBM 

  YMBCFM	$VSSFOU %FOTJUZ 	N"DN?


  ZMBCFM	1PUFOUJBM 	7


  UJUMF	'VFM $FMM -PTTFT BU $ BOE . )$M

  ZMJN	<−  >

  YMJN	< >

 FGGJDJFODZ  &&@FR@ZFP
 GPS L	MFOHUI	. @ ) # S
MFOHUI	5MJO
MFOHUI	KMJO


 JG FGGJDJFODZ	L

 FGGJDJFODZ	L

 FOE
 FOE
 FGGJDJFODZ@EJGGFSFODF  FGGJDJFODZ − 
 GPS L	MFOHUI	. @ ) # S
MFOHUI	5MJO
MFOHUI	KMJO


 JG FGGJDJFODZ@EJGGFSFODF	L

 FGGJDJFODZ@EJGGFSFODF	L

 FOE
 FOE
 FGGJDJFODZ@EJGGFSFODF  BCT	FGGJDJFODZ@EJGGFSFODF

 <BOTXFS@FGG JOEFY0G;FSPJO3FTVMU.BUSJY@FGG>NJO	FGGJDJFODZ@EJGGFSFODF <>

 DVSSFOU@QFSDFOU@FGG  KMJO	SFN	JOEFY0G;FSPJO3FTVMU.BUSJY@FGG MFOHUI	KMJO 



 *G ZPV SVO UIF DPEF BU B TJOHMF UFNQ BOEPS DPODFOUSBUJPO  EFGJOF
 &@QFSDFOU@FG VTJOH UIF DPEF CFMPX
 &@QFSDFOU@FGG[FSPT	MFOHUI	5MJO
MFOHUI	.@)#S


 GPS LMFOHUI	. @ ) # S
MFOHUI	5MJO

 &@QFSDFOU@FGG	L
  &		L−
MFOHUI	 KMJO 
JOEFY0G;FSPJO3FTVMU.BUSJY@FGG	L


 FOE
 QPXFS@QFSDFOU@FGG@E  DVSSFOU@QFSDFOU@FGG&@QFSDFOU@FGG
  QPXFS@QFSDFOU@FGG@E@TNPPUI  TNPPUI	 QPXFS@QFSDFOU@FGG@E

  QPXFS@QFSDFOU@FGG@TNPPUI  SFTIBQF	QPXFS@QFSDFOU@FGG@E@TNPPUI  
 MFOHUI	 5MJO
MFOHUI	.@)#S


 QPXFS@QFSDFOU@FGG  SFTIBQF	QPXFS@QFSDFOU@FGG@E  
 MFOHUI	5MJO
MFOHUI	.@)#S


 SPX@NBY  NBY	Q<> 
 DPNQVUFT NBY QPXFS JO  TU EJNFOTJPO
 DPMVNO@NBY  NBY	SPX@NBY <> 
 DPNQVUFT NBY QPXFS JO OE EJN
 EFQUI@NBY  NBY	DPMVNO@NBY <> 
 DPNQVUFT NBY QPXFS JO SE EJN
 <SPXDPM>GJOE	QNBY	EFQUI@NBY

 GJOET UIF SPX BOE DPMVNO XIFSF UIF
 NBY QPXFS BDUVBMMZ PDDVST
 QPXFS@QFSDFOU@FGG@NBY  NBY	QPXFS@QFSDFOU@FGG
 NBYJNVN
 QPXFS EFOTJUZ PG UIF DFMM <N8DN>
  −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
 %"5" $0.1"3*40/4 50 .0%&-
 ,SFVU[FS/HVZFO GSPN 'JH  GJSTU DPMVNO JT DVSSFOU EFOTJUZ  TFDPOE JT
 QPUFOUJBM  UIJSE JT DBMDVMBUFE QPXFS EBUB GPVOE VTJOH 1MPU%JHJUJ[FS
 LSFVU[FS@  <  
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   >

 LSFVU[FS@  <  
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   >

 LSFVU[FS@  <  
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   >
 -JWTIJUT=1FMFE GSPN 'JH   $   . #S DVSWF GJSTU DPMVNO JT 
 DVSSFOU EFOTJUZ  TFDPOE JT QPUFOUJBM  UIJSE JT DBMDVMBUFE QPXFS
 EBUB GPVOE VTJOH 1MPU%JHJUJ[FS
 MJWTIJUT@  <  
   
   
   
   
   
   
   
   
   
   
   
   
   >
 GJHVSF	

 QMPU	KMJO &

 YMJN	< >

 ZMJN	< >

 IPME PO
  TDBUUFS	 LSFVU[FS@	
LSFVU[FS@	


  TDBUUFS	 LSFVU[FS@	
LSFVU[FS@	


  TDBUUFS	 LSFVU[FS@	
LSFVU[FS@	


 TDBUUFS	MJWTIJUT@	
MJWTIJUT@	


  QFSDFOU@QPXFS@UFNQFSBUVSF  5MJO	SPX
 GJOET UIF UFNQFSBUVSF BU
 XIJDI UIF NBYJNVN QPXFS EFOTJUZ PDDVST
  QPXFS@QFSDFOU@NPMBSJUZ  .@)#S	 DFJM	 DPM MFOHUI	 KMJO



 BOT<KMJO  & FUB@3  FUB@B#S  FUB@B)  FUB@.5 FGGJDJFODZ  Q>
  GJHVSF	

  TVSGD	UFNQ@QMPU  .@QMPU  QPXFS@QFSDFOU@FGG@TNPPUI

  YMBCFM	5FNQFSBUVSF 

  YMJN	< >

  ZMBCFM	$PODFOUSBUJPO 

  ZMJN	<  >

  [MBCFM	1PXFS %FOTJUZ BU  &GGJDJFODZ <N8DN?>

  TFU	 GJHVSF	
DPMPS XIJUF 

  UJUMF	1PXFS %FOTJUZ BU  &GGJDJFODZ BT B 
 GVODUJPO PG .PMBSJUZ BOE 5FNQFSBUVSF 

  SPX@NBY@FGG  NBY	Q <>
 DPNQVUFT NBY QPXFS JO  TU EJNFOTJPO
  DPMVNO@NBY@FGG  NBY	SPX@NBY <>
 DPNQVUFT NBY QPXFS JO OE EJN
  EFQUI@NBY@FGG  NBY	DPMVNO@NBY <>
 DPNQVUFT NBY QPXFS JO SE EJN
  < SPX@FGG  DPM@FGG>GJOE	QNBY	 EFQUI@NBY@FGG

 GJOET UIF SPX BOE DPMVNO
 XIFSF UIF NBY QPXFS BDUVBMMZ PDDVST
  .BY@QPXFS@FGG  EFQUI@NBY@FGG NBYJNVN QPXFS EFOTJUZ
 PG UIF DFMM <N8DN>
  .BY@QPXFS@UFNQFSBUVSF@FGG  5MJO	 SPX@FGG
 GJOET UIF UFNQFSBUVSF BU
 XIJDI UIF NBYJNVN QPXFS EFOTJUZ PDDVST
   .BY@QPXFS@NPMBSJUZ  .	 GMPPS	 DPM MFOHUI	 KMJO



   .BY@QPXFS@DVSSFOUEFOTJUZ  KMJO	SFN	 DPM  MFOHUI	 KMJO



  .BY@QPXFS@@FGG@NBY	Q <>
 DPNQVUFT B NBY QPXFS JO UIF DVSSFOU
 EFOTJUZ EJNFOTJPO 	VTFE GPS QMPUUJOH QVSQPTFT

  .BY@QPXFS@@FGG@SFTIBQF	.BY@QPXFS@@FGG@  MFOHUI	 5MJO
MFOHUI	.


 VTFE GPS QMPUUJOH QVSQPTFT
  <.@QMPU  UFNQ@QMPU>NFTIHSJE	. 5MJO
 VTFE GPS QMPUUJOH QVSQPTFT
  QMPU	 FGGJDJFODZ	


  .BY@QPXFS@NPMBSJUZ  .	 GMPPS	 DPM MFOHUI	 KMJO



 .BY@QPXFS@DVSSFOUEFOTJUZ  KMJO	SFN	 DPM  MFOHUI	 KMJO



  GJHVSF	

  GPS L	MFOHUI	.
MFOHUI	 5MJO
MFOHUI	 KMJO


  JG &	L

  &	L

  FOE
  FOE
  Q  CTYGVO	!UJNFT & KMJO
 QPXFS EFOTJUZ PG UIF DFMM <N8DN>
  FGGJDJFODZ  &&@FR
  .BY@QPXFS@  <>
  GPS L	MFOHUI	 5MJO
MFOHUI	.


  JG 		.BY@QPXFS@	L
 
  	.BY@QPXFS@	L



  .BY@QPXFS@	FOE
.BY@QPXFS@	L 

  FOE
  FOE
B
.BUMBC$PEFGPS$IBQUFS
ĉFGPMMPXJOHDPOUBJOTUIF.BUMBCDPEFVTFEUPQSPEVDFUIFDZDMJOHSFTVMUTTFFOJO$IBQUFS
0SHBOJD$IFNJTUSJFTJO'MPX#BĨFSJFTBOEUIF2VJOPOF#SPNJEF'MPX#BĨFSZ *OTUSVDUJPOTGPS
FYFDVUJOHUIFDPEFBSFJODMVEFEJOUIFDPNNFOUTCFMPX
 *OTUSVDUJPOT DSFBUF B DTW GJMF DBMMFE  UJNF  BOE B DTW GJMF DBMMFE
 QPUFOUJBM BOE QVU UIFN JO UIF TBNF GPMEFS BT UIJT GJMF
 0ODF ZPV IBWF UIPTF  KVTU DMJDL u3VOu BOE UIF DPEF XJMM SVO  HFOFSBUJOH
 UIF WBSJBCMFT CFMPX /PUF UIBU UIJT QSPHSBN OFFET UP TUBSU XJUI B $)"3(&
 IBMG−DZDMF  OPU B EJTDIBSHF
 DZDMF@FOE@UJNFT  
 DZDMF@MFOHUI  
 DVSSFOU@FGGJDJFODZ 
 DBQBDJUZ@SFUFOUJPO  
 UJNFDTWSFBE	  DZDMJOH@EBUBDTW  

 UJNFUJNF	 

 QPUFOUJBMDTWSFBE	 DZDMJOH@EBUBDTW  

 -PPQ UP EFUFSNJOF UIF UJNF BU XIJDI FBDI IBMG−DZDMF FOET 	 CBTJDBMMZ  JG
 UIF EJGGFSFODF JO QPUFOUJBM CFUXFFO UXP DPOTFDVUJWF EBUB QPJOUT JT   
 7 UIFO UIBU JT VTFE BT UIF JOEJDBUPS UIBU UIF TJHO PG UIF DVSSFOU IBT
 GMJQQFE BOE B OFX IBMG−DZDMF IBT CFHVO
  5IJT MPPQ DSFBUFT B NBUSJY DBMMFE
 DZDMF@FOE@UJNFT UIBU MJTUT UIF UJNFT XIFSF FBDI PG UIFTF TXJUDIFT IBQQFOT
 GPS L	MFOHUI	UJNF
−

 JG BCT	QPUFOUJBM	L
−QPUFOUJBM	L

  
 DZDMF@FOE@UJNFT  <DZDMF@FOE@UJNFT  UJNF	L
>
 FOE
 FOE

 DZDMF@FOE@UJNFT  <DZDMF@FOE@UJNFT  UJNF	MFOHUI	UJNF

>

 -PPQ UP EFUFSNJOF UIF MFOHUI PG FBDI DZDMF *U DPNQBSFT UIF FOE UJNF PG
 POF DZDMF UP UIF FOE UJNF PG UIF QSFWJPVT DZDMF BOE QVUT UIF EJGGFSFODF JO
 B WFDUPS DBMMFE DZDMF@MFOHUI
 GPS L	MFOHUI	DZDMF@FOE@UJNFT


 DZDMF@MFOHUI	L−
  DZDMF@FOE@UJNFT 	L
 − DZDMF@FOE@UJNFT	L−

 FOE

 -PPQ UP EFUFSNJOF DVSSFOU FGGJDJFODZ
 GPS L	MFOHUI	DZDMF@MFOHUI


 DVSSFOU@FGGJDJFODZ	L
  DZDMF@MFOHUI	L
DZDMF@MFOHUI	L−

 FOE

 -PPQ UP EFUFSNJOF EJTDIBSHF DBQBDJUZ SFUFOUJPO
 GPS L	MFOHUI	DZDMF@MFOHUI


 DBQBDJUZ@SFUFOUJPO	L−
  DZDMF@MFOHUI 	L
 DZDMF@MFOHUI 	L−

 FOE
3FGFSFODFT
<> 0&$% 3FOFXBCMFFOFSHZ 0&$%'BDUCPPL &DPOPNJD&OWJSPONFOUBMBOE
4PDJBM4UBUJTUJDT	0&$%1VCMJTIJOH

<> ,BTTBLJBO+(4DINBMFOTFF3	FET
ĉF'VUVSFPGUIF&MFDUSJD(SJE" O
*OUFSEJTDQMJOBSZ.*54UVEZ	.BTTBDIVTFĨT*OTUJUVUFPG5FDIOPMPHZ

<> 3BTUMFS% &MFDUSJDJUZ&OFSHZ4UPSBHF5FDIOPMPHZ0QUJPOT 5FDI3FQ&MFDUSJD
1PXFS3FTFBSDI*OTUJUVUF	

<> #BSOIBSU$+#FOTPO4. 0OUIFJNQPSUBODFPGSFEVDJOHUIFFOFSHFUJDBOENBUFSJBM
EFNBOETPGFMFDUSJDBMFOFSHZTUPSBHF &OFSHZ&OWJSPONFOUBM4DJFODFm
	

<> 0&$% &MFDUSJDJUZHFOFSBUJPO 0&$%'BDUCPPL &DPOPNJD&OWJSPONFOUBM
BOE4PDJBM4UBUJTUJDT	0&$%1VCMJTIJOH

<> &ZFS+$PSFZ( &OFSHZTUPSBHFGPSUIF&MFDUSJDJUZ(SJE #FOFėUTBOE.BSLFU1PUFOUJBM
"TTFTTNFOU(VJEF 5FDI3FQ4BOEJB/BUJPOBM-BCPSBUPSJFT	

<> *CSBIJN)*MJODB"1FSSPO+ &OFSHZTUPSBHFTZTUFNTm$IBSBDUFSJTUJDTBOE
DPNQBSJTPOT 3FOFXBCMFBOE4VTUBJOBCMF&OFSHZ3FWJFXTm	

<> )JĨJOHFS&8IJUBDSF+'"QU+ 8IBUQSPQFSUJFTPGHSJEFOFSHZTUPSBHFBSFNPTU
WBMVBCMF  +PVSOBMPG1PXFS4PVSDFTm	

<> 3VHPMP+"[J[.+ &MFDUSJDJUZTUPSBHFGPSJOUFSNJĨFOUSFOFXBCMFTPVSDFT &OFSHZ
&OWJSPONFOUBM4DJFODFm	

<> 3VHPMP+)VTLJOTPO#"[J[.+ .PEFMPG1FSGPSNBODFPGB3FHFOFSBUJWF)ZESPHFO
$IMPSJOF'VFM$FMMGPS(SJE4DBMF&MFDUSJDBM&OFSHZ4UPSBHF +PVSOBMPGUIF&MFDUSPDIFNJDBM
4PDJFUZ#m#	

<> )VTLJOTPO#3VHPMP+.POEBM4,"[J[.+ "IJHIQPXFSEFOTJUZIJHIFđDJFODZ
IZESPHFOmDIMPSJOFSFHFOFSBUJWFGVFMDFMMXJUIBMPXQSFDJPVTNFUBMDPOUFOUDBUBMZTU
&OFSHZ&OWJSPONFOUBM4DJFODFm	

<> #PNNBSBKV5$IFO$#JSTT7 %FBDUJWBUJPOPGĉFSNBMMZ'PSNFE3V0ƿ5J0ƿ
$PBUJOHT%VSJOH$IMPSJOF&WPMVUJPO .FDIBOJTNTBOE3FBDUJWBUJPO.FBTVSFT *O
.PPSIPVTF+	FE
.PEFSO$IMPS"MLBMJ5FDIOPMPHZm	#MBDLXFMM4DJFODF-UE
-POEPO

<> 3VHPMP+ &MFDUSJDJUZ4UPSBHFBOEUIF)ZESPHFO$IMPSJOF'VFM$FMM 1I%UIFTJT)BSWBSE
6OJWFSTJUZ$BNCSJEHF."	

<> )VTLJOTPO#"[J[.+ 1FSGPSNBODF.PEFMPGB3FHFOFSBUJWF)ZESPHFO#SPNJOF
'VFM$FMMGPS(SJE4DBMF&OFSHZ4UPSBHF &OFSHZ4DJFODFBOE5FDIOPMPHZm	

<> )VTLJOTPO#FUBM ".FUBM'SFF0SHBOJD*OPSHBOJD"RVFPVT'MPX#BĨFSZ /BUVSF 
m	

<> .FMMFOUJOF+"$VMWFS8+4BWJOFMM3' 4JNVMBUJPOBOEPQUJNJ[BUJPOPGBĚPX
CBĨFSZJOBOBSFBSFHVMBUJPOBQQMJDBUJPO +PVSOBMPG"QQMJFE&MFDUSPDIFNJTUSZm
	

<> (JMFBEJ&FUBM "OFMFDUSPDIFNJDBMMZSFHFOFSBUJWFIZESPHFOmDIMPSJOFFOFSHZTUPSBHF
TZTUFNGPSFMFDUSJDVUJMJUJFT +PVSOBMPG1PXFS4PVSDFTm	

<> 4BWJOFMM3'SJĨT4 ĉFPSFUJDBMQFSGPSNBODFPGBIZESPHFOCSPNJOFSFDIBSHFBCMF41&
GVFMDFMM +PVSOBMPG1PXFS4PVSDFTm	

<> :FP3$IJO% ")ZESPHFO#SPNJOF$FMMGPS&OFSHZ4UPSBHF"QQMJDBUJPOT +PVSOBMPG
UIF&MFDUSPDIFNJDBM4PDJFUZm	

<> :FP3.D#SFFO+5TFVOH"4SJOJWBTBO4.D&MSPZ+ "OFMFDUSPDIFNJDBMMZ
SFHFOFSBUJWFIZESPHFODIMPSJOFFOFSHZTUPSBHFTZTUFN FMFDUSPEFLJOFUJDTBOEDFMM
QFSGPSNBODF +PVSOBMPG"QQMJFE&MFDUSPDIFNJTUSZm	

<> ĉPNBTTFO.4BOEOFT&#SSFTFO#5VOPME3 &WBMVBUJPOPGDPODFQUTGPS
IZESPHFOmDIMPSJOFGVFMDFMMT +PVSOBMPG"QQMJFE&MFDUSPDIFNJTUSZm	

<> $IJO%:FP3.D#SFFO+4SJOJWBTBO4 "O&MFDUSPDIFNJDBMMZ3FHFOFSBUJWF
)ZESPHFO$IMPSJOF&OFSHZ4UPSBHF4ZTUFN +PVSOBMPGUIF&MFDUSPDIFNJDBM4PDJFUZ
m	

<> -JWTIJUT76MVT"1FMFE& )JHIQPXFS)ƿ#Sƿ GVFMDFMM &MFDUSPDIFNJTUSZ
DPNNVOJDBUJPOTm	

<> )PVTF,;)PVTF$)4DISBH%1"[J[.+ &MFDUSPDIFNJDBMBDDFMFSBUJPOPG
DIFNJDBMXFBUIFSJOHGPSDBSCPODBQUVSFBOETFRVFTUSBUJPO &OFSHZ1SPDFEJBm
	

<> )PVTF,;)PVTF$)4DISBH%1"[J[.+ &MFDUSPDIFNJDBM"DDFMFSBUJPOPG
$IFNJDBM8FBUIFSJOHBTBO&OFSHFUJDBMMZ'FBTJCMF"QQSPBDIUP.JUJHBUJOH"OUISPQPHFOJD
$MJNBUF$IBOHF &OWJSPONFOUBM4DJFODF5FDIOPMPHZm	

<> ĉPNBTTFO.#SSFTFO#)BHFO(5VOPME3 $IMPSJOFSFEVDUJPOPOQMBUJOVN
BOESVUIFOJVN UIFFĎFDUPGPYJEFDPWFSBHF &MFDUSPDIJNJDB"DUBm	

<> (BTUFJHFS)1BOFMT+:BO4 %FQFOEFODFPG1&.GVFMDFMMQFSGPSNBODFPODBUBMZTU
MPBEJOH +PVSOBMPG1PXFS4PVSDFTm	

<> ĉPNBTTFO.#SSFTFO#)BHFO(5VOPME3 )ƿ$Mƿ GVFMDFMMGPSDPHFOFSBUJPO
PGFMFDUSJDJUZBOE)$M +PVSOBMPG"QQMJFE&MFDUSPDIFNJTUSZm	

<> /FZFSMJO,(V8+PSOF+(BTUFJHFS) 4UVEZPGUIFFYDIBOHFDVSSFOUEFOTJUZGPS
UIFIZESPHFOPYJEBUJPOBOEFWPMVUJPOSFBDUJPOT +PVSOBMPGUIF&MFDUSPDIFNJDBM4PDJFUZ
#m#	

<> :FP3.D#SFFO+ 5SBOTQPSUQSPQFSUJFTPG/BėPONFNCSBOFTJOFMFDUSPDIFNJDBMMZ
SFHFOFSBUJWFIZESPHFOIBMPHFODFMMT +PVSOBMPGUIF&MFDUSPDIFNJDBM4PDJFUZm
	

<> /VĨBMM-.D&MSPZ+4SJOJWBTBO4)BSU5 'FBTJCJMJUZTUVEZPGBSFHFOFSBUJWFTPMJE
QPMZNFSFMFDUSPMZUFGVFMDFMMTZTUFNVTJOHIZESPHFODIMPSJOFSFBDUBOUTGPSIJHIFđDJFODZ
FOFSHZTUPSBHF *O"MUFSOBUJWFFOFSHZTPVSDFT1SPDFFEJOHPGUIF.JBNJ*OUFSOBUJPOBM
$POGFSFODF"mm	.JBNJ#FBDI'M

<> #BMLP&.D&MSPZ+-BDPOUJ" )BMPHFOBDJEFMFDUSPMZTJTJOTPMJEQPMZNFSFMFDUSPMZUF
DFMMT *OUFSOBUJPOBM+PVSOBMPG)ZESPHFO&OFSHZm	

<> "OEFSTPO&5BZMPS&8JMFNTLJ((FMC" "IJHIQFSGPSNBODFIZESPHFODIMPSJOF
GVFMDFMMGPSTQBDFQPXFSBQQMJDBUJPOT +PVSOBMPG1PXFS4PVSDFTm	

<> #FFS) ĉFJOWFOUJPOBOEJOEVTUSJBMEFWFMPQNFOUPGNFUBMBOPEFT +PVSOBMPGUIF
&MFDUSPDIFNJDBM4PDJFUZ$m$	

<> 5SBTBĨJ4 &MFDUSPDBUBMZTJTJOUIFBOPEJDFWPMVUJPOPGPYZHFOBOEDIMPSJOF &MFDUSPDIJNJDB
"DUBm	

<> 5SBTBĨJ4 1IZTJDBMFMFDUSPDIFNJTUSZPGDFSBNJDPYJEFT &MFDUSPDIJNJDB"DUBm
	

<> "SEJ[[POF4$BSVHBUJ"-PEJ(5SBTBĨJ4 4VSGBDF4USVDUVSFPG3VUIFOJVN
%JPYJEF&MFDUSPEFTBOE,JOFUJDTPG$IMPSJOF&WPMVUJPO +PVSOBMPGUIF&MFDUSPDIFNJDBM
4PDJFUZm	

<> -PEJ(4JWJFSJ&#BĨJTUJ"5SBTBĨJ4 3VUIFOJVNEJPYJEFCBTFEėMNFMFDUSPEFT
+PVSOBMPG"QQMJFE&MFDUSPDIFNJTUSZm	

<> .POEBM4,3VHPMP+"[J[.+ "MMPZ0YJEF&MFDUSPDBUBMZTUTGPS3FHFOFSBUJWF
)ZESPHFO)BMPHFO'VFM$FMM *O)F54XJEFS-ZPOT,&1BSL#,PIM1	FET

.341SPDFFEJOHT	

<> #BSE"+'BVMLOFS-3 #VML&MFDUSPMZTJT.FUIPET *O&MFDUSPDIFNJDBM.FUIPET
m	+PIO8JMFZ4POT

<> #FDLNBOO3-ÛLF# ,OPXIPXBOE5FDIOPMPHZ*NQSPWJOHUIF3FUVSOPO
*OWFTUNFOUGPS$POWFSTJPOT&YQBOTJPOTBOE/FX$IMPSJOF1MBOUT *O.PPSIPVTF+
	FE
.PEFSO$IMPS"MLBMJ5FDIOPMPHZm	#MBDLXFMM4DJFODF-UE-POEPO

<> #FFS) $PBUJOHPGQSPUFDUFEFMFDUSPDBUBMZUJDNBUFSJBMPOBOFMFDUSPEF641BUFOU
	

<> %VWJHOFBVE1$PVTTFNFOU" &ĎFDUPGDIMPSJOFPOTPMJETPMVUJPOGPSNBUJPOJO
SVUIFOJVNUJUBOJVNEJPYJEFDPBUJOHT +PVSOBMPG4PMJE4UBUF$IFNJTUSZm	

<> )BSSJTPO+ ĉFPYJEBUJPOPGDIMPSJEFJPOTBOECSPNJEFJPOTPOSVUIFOJVNEJPYJEF
FMFDUSPEFT +PVSOBMPG&MFDUSPBOBMZUJDBM$IFNJTUSZm	

<> 5SBTBĨJ4 1SPHSFTTJOUIFVOEFSTUBOEJOHPGUIFNFDIBOJTNPGDIMPSJOFFWPMVUJPOBUPYJEF
FMFDUSPEFT &MFDUSPDIJNJDB"DUBm	

<> "SPNBB+'PSTÊO0 &WBMVBUJPOPGUIFFMFDUSPDIFNJDBMBDUJWJUZPGB5Jm3V0ƿm5J0ƿ
QFSNBOFOUBOPEF &MFDUSPDIJNJDB"DUBm	

<> )FQFM51PMMBL')0(SBEZ8& $IMPSJOF&WPMVUJPOBOE3FEVDUJPO1SPDFTTFTBU
0SJFOUFE4JOHMF଑$SZTUBM3V0ƿ &MFDUSPEFT +PVSOBMPGUIF&MFDUSPDIFNJDBM4PDJFUZ
m	

<> "SEJ[[POF4'SFHPOBSB(5SBTBĨJ4 i*OOFSuBOEiPVUFSuBDUJWFTVSGBDFPG3V0ƿ
FMFDUSPEFT &MFDUSPDIJNJDB"DUBm	

<> "SJLBEP5*XBLVSB$5BNVSB) &MFDUSPDIFNJDBMCFIBWJPVSPGUIFSVUIFOJVNPYJEF
FMFDUSPEFQSFQBSFECZUIFUIFSNBMEFDPNQPTJUJPONFUIPE &MFDUSPDIJNJDB"DUB
m	

<> -PEJ(#JHIJ$EF"TNVOEJT$ %FQPTJUJPOBOEDIBSBDUFSJ[BUJPOPG3V0ƿ ėMNTPO
WBSJPVTTVCTUSBUFT .BUFSJBMT$IFNJTUSZm	

<> $IFO3FUBM "OPEJD&MFDUSPDBUBMZUJD$PBUJOHTGPS&MFDUSPMZUJD$IMPSJOF1SPEVDUJPO "
3FWJFX ;FJUTDISJĜGÛS1IZTJLBMJTDIF$IFNJFm	

<> -PVˁLB5 ĉFSFBTPOGPSUIFMPTTPGBDUJWJUZPGUJUBOJVNBOPEFTDPBUFEXJUIBMBZFSPG
3V0ƿ BOE5J0ƿ +PVSOBMPG"QQMJFE&MFDUSPDIFNJTUSZm	

<> 4ISJWBTUBWB1.PBUT. 8FUėMNBQQMJDBUJPOUFDIOJRVFTBOEUIFJSFĎFDUTPOUIF
TUBCJMJUZPG3V0ƿm5J0ƿ DPBUFEUJUBOJVNBOPEFT +PVSOBMPG"QQMJFE&MFDUSPDIFNJTUSZ
m	

<> #VSLF-.D$BSUIZ. .PEJėDBUJPOPGUIFFMFDUSPOJDUSBOTGFSQSPQFSUJFTPG$Pǀ0ǁ BT
SFRVJSFEGPSJUTVTFJO%4"UZQFBOPEFT +PVSOBMPGUIF&MFDUSPDIFNJDBM4PDJFUZ
m	

<> #PHHJP3$BSVHBUJ"5SBTBĨJ4 &MFDUSPDIFNJDBMTVSGBDFQSPQFSUJFTPG$Pǀ0ǁ
FMFDUSPEFT +PVSOBMPG"QQMJFE&MFDUSPDIFNJTUSZm	

<> %B4JMWB-.#PPEUT+%F'BSJB-" A*OTJUVBOEAFYTJUVDIBSBDUFSJ[BUJPOPGUIF
TVSGBDFQSPQFSUJFTPGUIF3V0ƿ	Y
$Pǀ0ǁ	¢Y
TZTUFN &MFDUSPDIJNJDB"DUB
m	

<> %B4JMWB-.#PPEUT+%F'BSJB-" 0YZHFOFWPMVUJPOBU3V0ƿ	Y
$Pǀ0ǁ	¢Y

FMFDUSPEFTGSPNBDJETPMVUJPO &MFDUSPDIJNJDB"DUBm	

<> .BLBSPWB.7FUBM ĉFFMFDUSPDBUBMZUJDCFIBWJPSPG3Vƽ.ǅ$Pƽ.ƿ0ƿ¢YãUIFFĎFDUPG
QBSUJDMFTIBQFBOETVSGBDFDPNQPTJUJPO &MFDUSPDIJNJDB"DUBm	

<> )BNEBOJ.4JOHI3$IBSUJFS1 $Pǀ0ǁ BOE$P#BTFE4QJOFM0YJEFT#JGVODUJPOBM
0YZHFO&MFDUSPEFT *OUFSOBUJPOBM+PVSOBMPG&MFDUSPDIFNJDBM4DJFODFm	

<> .PSJUB.*XBLVSB$5BNVSB) ĉFBOPEJDDIBSBDUFSJTUJDTPGNBOHBOFTFEJPYJEF
FMFDUSPEFTQSFQBSFECZUIFSNBMEFDPNQPTJUJPOPGNBOHBOFTFOJUSBUF &MFDUSPDIJNJDB"DUB
m	

<> .PSJUB.*XBLVSB$5BNVSB) ĉFBOPEJDDIBSBDUFSJTUJDTPGNBTTJWFNBOHBOFTF
PYJEFFMFDUSPEF &MFDUSPDIJNJDB"DUBm	

<> %BWJETPO$3 )BMPHFOFWPMVUJPOXJUIJNQSPWFEBOPEFDBUBMZTU641BUFOU
	

<> .BDPVOPWÃ,.BLBSPWB.+JSLPWTLÝ+'SBOD+,SUJM1 1BSBMMFMPYZHFOBOE
DIMPSJOFFWPMVUJPOPO3VƾY/JY0ƿZ OBOPTUSVDUVSFEFMFDUSPEFT &MFDUSPDIJNJDB"DUB
m	

<> (BVEFU+5BWBSFT"5SBTBĨJ4(VBZ% 1IZTJDPDIFNJDBM$IBSBDUFSJ[BUJPOPG.JYFE
3V0ƿ¢4O0ƿ 4PMJE4PMVUJPOT $IFNJTUSZ0G.BUFSJBMTm	

<> *XBLVSB$*OBJ.6FNVSB55BNVSB) ĉFBOPEJDFWPMVUJPOPGPYZHFOBOE
DIMPSJOFPOGPSFJHONFUBMEPQFE4O0ƿ ėMNFMFDUSPEFT &MFDUSPDIJNJDB"DUBm
	

<> $PNOJOFMMJT$7FSDFTJ( 1SPCMFNTJO%4"¡DPBUJOHEFQPTJUJPOCZUIFSNBM
EFDPNQPTJUJPO +PVSOBMPG"QQMJFE&MFDUSPDIFNJTUSZm	

<> "SEJ[[POF45SBTBĨJ4 *OUFSGBDJBMQSPQFSUJFTPGPYJEFTXJUIUFDIOPMPHJDBMJNQBDUJO
FMFDUSPDIFNJTUSZ "EWBODFTJODPMMPJEBOEJOUFSGBDFTDJFODFm	

<> $PUFJSP35FSVFM'3JCFJSP+"OESBEF" &ĎFDUPGTPMWFOUPOUIFQSFQBSBUJPOBOE
DIBSBDUFSJ[BUJPOPG%4"¡UZQFBOPEFTDPOUBJOJOH3V0ƿ5J0ƿ4O0ƿ +PVSOBMPGUIF
#SB[JMJBO$IFNJDBM4PDJFUZm	

<> 1SJDFDIBSUT 63-?iiT,ffrrrXTHiBMmKXKii?2vX+QKfT`B+2bfT`B+2@+?`ib
<> 64(4/BUJPOBM.JOFSBMT*OGPSNBJUPO$FOUFS $PCBMU 5FDI3FQ64(FPMPHJDBM4VSWFZ
	

<> 64(4/BUJPOBM.JOFSBMT*OGPSNBJUPO$FOUFS /JDLFM 5FDI3FQ64(FPMPHJDBM4VSWFZ
	

<> 64(4/BUJPOBM.JOFSBMT*OGPSNBJUPO$FOUFS 5JO 5FDI3FQ64(FPMPHJDBM4VSWFZ
	

<> 64(4/BUJPOBM.JOFSBMT*OGPSNBJUPO$FOUFS 5JUBOJVNBOEUJUBOJVNEJPYJEF 5FDI3FQ
64(FPMPHJDBM4VSWFZ	

<> 64(4/BUJPOBM.JOFSBMT*OGPSNBJUPO$FOUFS .BOHBOFTF 5FDI3FQ64(FPMPHJDBM
4VSWFZ	

<> $VMMJUZ# ĉF%FUFSNJOBUJPOPG$SZTUBM4USVDUVSF *O&MFNFOUTPG93BZ%JĎSBDUJPO
m	"EEJTPO8FTMFZ

<> 4IFBTCZ+4 ĉF0YJEBUJPOPG/JPCJVNJOUIF5FNQFSBUVSF3BOHF ◦m ◦ $ +PVSOBM
PGUIF&MFDUSPDIFNJDBM4PDJFUZm	

<> /PSNBO/ .FUBMMJDPYJEFQIBTFTPGOJPCJVNBOEUBOUBMVN*9SBZJOWFTUJHBUJPOT +PVSOBM
PGUIF-FTT$PNNPO.FUBMTm	

<> 3PCFSTPO+"3BQQ3" &MFDUSJDBMQSPQFSUJFTPG/C0BOE/C0ƿ +PVSOBMPG1IZTJDT
BOE$IFNJTUSZPG4PMJETm	

<> ,SFVU[FS):BSMBHBEEB77BO/HVZFO5 1FSGPSNBODF&WBMVBUJPOPGB3FHFOFSBUJWF
)ZESPHFO#SPNJOF'VFM$FMM +PVSOBMPGUIF&MFDUSPDIFNJDBM4PDJFUZ'm'
	

<> ;IBOH38FJEOFS+8 "OBMZTJTPGBHBTQIBTF#Sƿm)ƿ SFEPYĚPXCBĨFSZ +PVSOBMPG
"QQMJFE&MFDUSPDIFNJTUSZm	

<> -JEF% $0%"5",FZ7BMVFTGPSĉFSNPEZOBNJDT $3$)BOECPPLPG$IFNJTUSZBOE
1IZTJDTTU&EJUJPO	

<> -JEF% &MFDUSPDIFNJDBM4FSJFT $3$)BOECPPLPG$IFNJTUSZBOE1IZTJDTOE&EJUJPO
	

<> /PWPUOZ14PIOFM0 %FOTJUJFTPGCJOBSZBRVFPVTTPMVUJPOTPGJOPSHBOJD
TVCTUBODFT +PVSOBMPG$IFNJDBMBOE&OHJOFFSJOH%BUBm	

<> #BMEXJO3 /"4"5FDIOJDBM.FNPSBOEVN &MFDUSPDIFNJDBMQFSGPSNBODFBOE
USBOTQPSUQSPQFSUJFTPGB/BėPONFNCSBOFJOBIZESPHFOCSPNJOFDFMMFOWJSPONFOU
5FDI3FQ/"4"	

<> 4POF:&LEVOHF14JNPOTTPO% 1SPUPO$POEVDUJWJUZPG/BėPOBT.FBTVSFECZ
B'PVS&MFDUSPEF"$*NQFEBODF.FUIPE +PVSOBMPGUIF&MFDUSPDIFNJDBM4PDJFUZ
m	

<> #BSE"+'BVMLOFS-3 ,JOFUJDTPG&MFDUSPEF3FBDUJPOT *O&MFDUSPDIFNJDBM.FUIPET
m	+PIO8JMFZ4POT

<> 8IJUF3&-PSJNFS4&%BSCZ3 1SFEJDUJPOPGUIF$VSSFOU%FOTJUZBUBO&MFDUSPEF
BU8IJDI.VMUJQMF&MFDUSPEF3FBDUJPOT0DDVSVOEFS1PUFOUJPTUBUJD$POUSPM +PVSOBMPGUIF
&MFDUSPDIFNJDBM4PDJFUZm	

<> .BTUSBHPTUJOP.(SBNFMMJOJ$ ,JOFUJDTUVEZPGUIFFMFDUSPDIFNJDBMQSPDFTTFTPGUIF
CSPNJOFCSPNJEFBRVFPVTTZTUFNPOWJUSFPVTDBSCPOFMFDUSPEFT &MFDUSPDIJNJDB"DUB
m	

<> 8JMLF$$IBOH1 $PSSFMBUJPOPGEJĎVTJPODPFđDJFOUTJOEJMVUFTPMVUJPOT "*$I&
+PVSOBM m	

<> 3FEEZ,%PSBJTXBNZ- &TUJNBUJOHMJRVJEEJĎVTJWJUZ *OEVTUSJBM&OHJOFFSJOH
$IFNJTUSZ'VOEBNFOUBMTm	

<> -BMJCFSUÊ. .PEFMGPSDBMDVMBUJOHUIFWJTDPTJUZPGBRVFPVTTPMVUJPOT +$IFN&OH%BUB
m	

<> #FDLXJUI38BOH5.BSHFSVN% &RVJMJCSJVNBOELJOFUJDTPGCSPNJOFIZESPMZTJT
*OPSHBOJD$IFNJTUSZm	

<> -JFCIBGTLZ) ĉFFRVJMJCSJVNDPOTUBOUPGUIFCSPNJOFIZESPMZTJTBOEJUTWBSJBUJPOXJUI
UFNQFSBUVSF +PVSOBMPGUIF"NFSJDBO$IFNJDBM4PDJFUZm	

<> 8BTNVT4,ÛWFS" .FUIBOPMPYJEBUJPOBOEEJSFDUNFUIBOPMGVFMDFMMT BTFMFDUJWF
SFWJFX +PVSOBMPG&MFDUSPBOBMZUJDBM$IFNJTUSZm	

<> "SJDÖ"4 $PNQBSJTPOPG&UIBOPMBOE.FUIBOPM0YJEBUJPOJOB-JRVJE'FFE4PMJE
1PMZNFS&MFDUSPMZUF'VFM$FMMBU)JHI5FNQFSBUVSF &MFDUSPDIFNJDBMBOETPMJETUBUFMFĪFST
	

<> #BHPU[LZ747BTTJMZFW:# .FDIBOJTNPGFMFDUSPPYJEBUJPOPGNFUIBOPMPOUIF
QMBUJOVNFMFDUSPEF &MFDUSPDIJNJDB"DUBm	

<> $BSSFĨF-'SJFESJDI,"4UJNNJOH6 'VFMDFMMT QSJODJQMFTUZQFTGVFMTBOE
BQQMJDBUJPOT $IFN1IZT$IFNm	

<> ;IV:)B4:.BTFM3* )JHIQPXFSEFOTJUZEJSFDUGPSNJDBDJEGVFMDFMMT +PVSOBMPG
1PXFS4PVSDFTm	

<> 3JDF$)B4.BTFM3*8JFDLPXTLJ" $BUBMZTUTGPSEJSFDUGPSNJDBDJEGVFMDFMMT
+PVSOBMPG1PXFS4PVSDFTm	

<> 3JDF$FUBM %JSFDUGPSNJDBDJEGVFMDFMMT +PVSOBMPG1PXFS4PVSDFTm	

<> 1BSL47PIT+.(PSUF3+ %JSFDUPYJEBUJPOPGIZESPDBSCPOTJOBTPMJEPYJEFGVFM
DFMM /BUVSF m	

<> )PSJ: &MFDUSPDIFNJDBM$0ƿ 3FEVDUJPOPO.FUBM&MFDUSPEFT *O7BZFOBT$	FE

.PEFSO"TQFDUTPG&MFDUSPDIFNJTUSZm	4QSJOHFS

<> #BSUPO$PMF&FUBM 6TJOHB0OF&MFDUSPO4IVĨMFGPSUIF.VMUJFMFDUSPO3FEVDUJPOPG
$0ƿ UP.FUIBOPM ,JOFUJD.FDIBOJTUJDBOE4USVDUVSBM*OTJHIUT +PVSOBMPGUIF"NFSJDBO
$IFNJDBM4PDJFUZm	

<> EF5BDDPOJ/3FUBM &MFDUSPDBUBMZUJD3FEVDUJPOPG$BSCPO%JPYJEF6TJOH1Uଔ$5J0ƿ
/BOPDPNQPTJUF$BUIPEF &MFDUSPDIFNJDBMBOETPMJETUBUFMFĪFST#	

<> $POBOU+#,BIO).'JFTFS-',VSU[44+S "O&MFDUSPDIFNJDBM4UVEZPGUIF
3FWFSTJCMF3FEVDUJPOPG0SHBOJD$PNQPVOET +PVSOBMPGUIF"NFSJDBO$IFNJDBM4PDJFUZ
m	

<> (VJO1%BT4BMF &MFDUSPDIFNJDBMSFEVDUJPOPGRVJOPOFTJOEJĎFSFOUNFEJB B
SFWJFX *OUFSOBUJPOBM+PVSOBMPG&MFDUSPDIFNJTUSZm	

<> $POBOU+#'JFTFS-' 'SFFBOEUPUBMFOFSHZDIBOHFTJOUIFSFEVDUJPOPGRVJOPOFT
+PVSOBMPGUIF"NFSJDBO$IFNJDBM4PDJFUZm	

<> $POBOU+#'JFTFS-' 3FEVDUJPOQPUFOUJBMTPGRVJOPOFT*ĉFFĎFDUPGUIFTPMWFOU
POUIFQPUFOUJBMTPGDFSUBJOCFO[PRVJOPOFT +PVSOBMPGUIF"NFSJDBO$IFNJDBM4PDJFUZ
m	

<> $POBOU+#'JFTFS-' 3FEVDUJPOQPUFOUJBMTPGRVJOPOFT**ĉFQPUFOUJBMTPGDFSUBJO
EFSJWBUJWFTPGCFO[PRVJOPOFOBQIUIPRVJOPOFBOEBOUISBRVJOPOF +PVSOBMPGUIF"NFSJDBO
$IFNJDBM4PDJFUZm	

<> (PSEPO081MBĨOFS&%PQQFOCFSH' 1SPEVDUJPOPGQVMQCZUIF
TPEBBOUISBRVJOPOFQSPDFTT	4"1
XJUISFDPWFSZPGUIFDPPLJOHDIFNJDBMT641BUFOU
	

<> $SPTTMFZ.- ĉF4FQBSBUJPOPG.POP#BOE4VMGPOJD"DJETPG
"OUISBRVJOPOF +PVSOBMPGUIF"NFSJDBO$IFNJDBM4PDJFUZm	

<> 64(4/BUJPOBM.JOFSBMT*OGPSNBUJPO$FOUFS #SPNJOF 5FDI3FQ64(FPMPHJDBM
4VSWFZ	

<> 64(4/BUJPOBM.JOFSBMT*OGPSNBUJPO$FOUFS 7BOBEJVN 5FDI3FQ64(FPMPHJDBM
4VSWFZ	

<> 1PVSCBJY. "UMBTPG&MFDUSPDIFNJDBM&RVJMJCSJBJO"RVFPVT4PMVUJPOT	/BUJPOBM"TTPDJBUJPO
PG$PSSPTJPO&OHJOFFST)PVTUPO59

<> #BSE"+'BVMLOFS-3 &MFDUSPDIFNJDBM.FUIPET 'VOEBNFOUBMTBOE"QQMJDBUJPOT
	+PIO8JMFZ4POT
OEFEO
<> 8FCFS";FUBM 3FEPYĚPXCBĨFSJFT BSFWJFX +PVSOBMPG"QQMJFE&MFDUSPDIFNJTUSZ
m	

<> /BXBS4)VTLJOTPO#"[J[.+ #FO[PRVJOPOF)ZESPRVJOPOF$PVQMFGPS'MPX
#BĨFSZ *O.341SPDFFEJOHT 'BMM.FFUJOH 	

<> )VTLJOTPO#/BXBS4(FSIBSEU.3"[J[.+ /PWFM2VJOPOF#BTFE$PVQMFTGPS
'MPX#BĨFSJFT &$45SBOTBDUJPOTm	

<> -B.FS7,#BLFS-& ĉFFĎFDUPGTVCTUJUVUJPOPOUIFGSFFFOFSHZPG
PYJEBUJPOSFEVDUJPOSFBDUJPOT*#FO[PRVJOPOFEFSJWBUJWFT +PVSOBMPGUIF"NFSJDBO
$IFNJDBM4PDJFUZm	

<> 4LZMMBT,B[BDPT.$IBLSBCBSUJ.))BKJNPMBOB4".KBMMJ'44BMFFN.
1SPHSFTTJO'MPX#BĨFSZ3FTFBSDIBOE%FWFMPQNFOU +PVSOBMPGUIF&MFDUSPDIFNJDBM4PDJFUZ
3	

<> 4LZMMBT,B[BDPT.,BTIFSNBO%)POH%3,B[BDPT. $IBSBDUFSJTUJDTBOE
QFSGPSNBODFPGL86/48WBOBEJVNSFEPYCBĨFSZ +PVSOBMPG1PXFS4PVSDFT
m	

$PMPQIPO
5
ļĽňŉļĹňĽňŌĵňŉŏńĹňĹŉVTJOH
- "5&9PSJHJOBMMZEFWFMPQFECZ-FTMJF
-BNQPSUBOECBTFEPO%POBME,OVUIT
5&9ĉFCPEZUFYUJTTFUJOQPJOU"SOP
1SPEFTJHOFECZ3PCFSU4MJNCBDIJOUIF
TUZMFPGCPPLUZQFTGSPNUIF"MEJOF1SFTTJO
7FOJDFBOEJTTVFECZ"EPCFJO "
UFNQMBUFXIJDIDBOCFVTFEUPGPSNBUB1I%
UIFTJTXJUIUIJTMPPLBOEGFFMIBTCFFO
SFMFBTFEVOEFSUIFQFSNJTTJWFŁĽŉ	Ŏ

MJDFOTFBOEDBOCFGPVOEPOMJOFBU
HJUIVCDPNTVDIPXPSGSPNUIFBVUIPSBU
TVDIPX!QPTUIBSWBSEFEV
